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Abstract
The advantages of rapid-scan EPR relative to CW and pulse techniques for samples
with long longitudinal relaxation time T1 (Ns0 defects in diamond, N@C60, and
amorphous hydrogenated silicon), heterogeneous samples (crystalline 1:1 α,γbisdiphenylene-β-phenylallyl (BDPA):benzene), lossy samples (aqueous nitroxyl
radicals), and transient radicals (5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO)-superoxide adduct) were studied.
For samples with long relaxation times, CW (continuous wave) EPR is
challenging due to power saturation and distortions from passage effects. In rapid-scan
EPR, the field is swept through resonance in a time that is short relative to T2. In rapidscan EPR, the magnetic field is on resonance for a short time relative to CW EPR.
Because of this, the energy absorbed by the spins, for the same microwave B1, is less than
in conventional CW spectra, and the signal does not saturate as readily. For samples with
long electron relaxation times, pulse techniques can also be challenging, particularly if T2
is long and T2* is short. Rapid-scan EPR is a powerful alternative to CW and pulse EPR
because it is a straight-forward technique that does not require the high power of pulse
EPR. For the samples studied, improvements in signal-to-noise ranging from factors of
10 to 250 were observed.

ii

Rapid-scan can also be used to extract relaxation information from a sample. The
rapid-scan spectra for lithium phthalocyanine (LiPc) and

15

N-PDT (4-oxo-2,2,6,6-tetra-

perdeuteromethyl-piperidinyl-15N-oxyl-d16) were simulated to determine T2.

The

extraction of T2 from the rapid-scan spectra of BDPA was also attempted. Through our
difficulty in simulating the rapid-scan spectra of BDPA, we realized that commercial
BDPA was not a homogeneous sample.

The experiments studying BDPA demonstrated

that rapid-scan experiments can give insight into the relaxation of a sample that might not
otherwise be evident with conventional CW EPR.
Finally, rapid-scan EPR at X-band was applied to spin trapping experiments.
Superoxide was generated by the reaction of xanthine oxidase and hypoxanthine and
trapped with BMPO. Spin trapping with 5-tert-butoxycarbonyl-5-methyl-1-pyrroline Noxide (BMPO) to form BMPO-OOH adduct converts the short-lived superoxide into a
more stable spin adduct. The detection limit for spin-trapped superoxide was compared
between CW and rapid-scan EPR.

The signal-to-noise ratio was more than 40 times

greater for rapid-scan than for CW EPR. We also demonstrated detection of superoxide
produced by Enterococcus faecalis at rates that are too low for detection by CW EPR.

iii
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Chapter 1: Motivation and Basics of EPR
1.1 Motivation for Studying Rapid-scan EPR
Important information can be extracted from EPR (electron paramagnetic resonance)
experiments including imaging of oxygen concentrations in tissue [1], distances in
proteins [2], studying transient radicals such as superoxide via spin-trapping [3], and
much more. Rapid-scan is appealing because of its fast data acquisition and unlike
pulsed EPR, data can be obtained at microwave powers available in conventional
continuous wave (CW) EPR spectrometers.
Although rapid-scan NMR (nuclear magnetic resonance) has been observed for over
60 years [4, 5], rapid-scan EPR was invented in the Eaton lab relatively recently.
Initially, X-band (~9 GHz) rapid-scan was a novel method that is still in the
developmental stages. The initial goal was to understand the benefits of rapid-scan EPR
relative to more mainstream methods such as CW and pulse EPR. The fast data
acquisition of rapid-scan EPR made it promising as a technique that would enhance
signal-to-noise (S/N) in a short amount of time.
In this thesis, rapid-scan EPR demonstrated a signal-to-noise enhancement relative
to other EPR techniques when applied to samples with long longitudinal relaxation time
T1 (Ns0 defects in diamond, N@C60, and amorphous hydrogenated silicon) as well as
nitroxyl radicals and spin-trap adducts. Magnetically concentrated samples were also
1

studied with rapid-scan EPR.

For BDPA, insight into relaxation processes were

determined that were not evident from pulse and CW techniques alone.

1.2 Resonance
In physics, resonance is defined as the tendency of a system to oscillate with a larger
amplitude at certain natural frequencies than at other frequencies [6]. The increase in
amplitude at resonant frequencies is observed because energy is being transferred to the
system under the most favorable conditions.

Resonant frequencies were first

characterized for mechanical systems such as pendulums by Galileo in the early 17th
century [7, 8]. Resonance is observed for all types of vibrations or waves including
mechanical, acoustic, molecular, and electromagnetic vibrations.
The resonance condition can also be thought of as the coupling of two systems so
that energy flows between the two systems under the most favorable conditions [9]. In
quantum mechanics, resonance is the coupling of two quantum mechanical states such as
the stationary state of an atom and an oscillatory source of energy such as a photon. This
coupling is strongest when the energy of the oscillatory source matches the energy
difference between two stationary states of the atom. In spectroscopy, a photon is
absorbed or emitted when the resonance condition in satisfied. Different types and
frequency ranges of spectroscopy study different stationary states in atoms or molecules.
UV-Vis spectroscopy uses a source of light in the visible and adjacent ranges (10–800 nm
wavelength) that correspond to the energy separation of electronic transitions for
molecules.

Infrared (IR) spectroscopy has a range of energies that corresponds to the

2

vibrational states of molecules. In spectroscopy, the resonance phenomenon allows us to
probe many different types of stationary states in quantum mechanical systems.

1.3 Electron Spin
Electrons are elementary particles that are characterized by an inherent angular
momentum called spin. Classically, electrons are thought of as spinning tops, however,
because electrons are quantum particles their behavior is governed by the rules of
quantum mechanics. To understand the magnetic resonance phenomenon, it is important
to note that an electron in the presence of a constant external magnetic field exists in one
of two states  or , whose projections are parallel and anti-parallel to the external field.
These states differ only in the orientation of the angular momentum vector, but not the
magnitude.

The spin vector is typically denoted by S.

represented in units of , for which the magnitude of S is

Magnetic moments are

S(S 1) , where S=1/2 is the

electron spin quantum number [10]. The typical convention is to consider the  and 

states as those having definite components Sz along the z-axis of the Cartesian frame,

where z is the direction of the external magnetic field. For a single electron, Sz is either
½ ( state) or –½ ( state). For this basic EPR discussion, these states will be labeled as
Ms+1/2 ( state) and Ms–1/2 ( state).

1.4 Zeeman Effect
EPR studies the interactions of an unpaired electron with an external magnetic
field (B0), local magnetic fields produced by the surrounding nuclear and electron spins,
and orbital motion of the electron itself [11]. EPR was first discovered by Zavoisky in
1944 studying paramagnetic salts such as MnSO4 [12, 13]. As mentioned previously, a
3

single unpaired electron, with no neighboring nuclei, has two allowed energy states Ms+1/2
and Ms–1/2 (Figure 1.1). In the absence of a magnetic field, these two spin states are
degenerate and there is an equal population in the Ms+1/2 and Ms–1/2 states. However,
when a magnetic field is applied, the spin can align with or against the magnetic field.
The state with parallel orientation Ms+1/2 has larger energy than the state with anti-parallel
orientation Ms–1/2. The difference between the energies of these two states is shown in
Equation 1.1.

E  gB  h

(1.1)

where h is Planck’s constant, a physical constant reflecting the size of one quantum of
energy at a specific electromagnetic
frequency, υ. The g-factor is denoted by g, βe is the

Bohr magneton, a natural unit of the electron’s magnetic moment, and ms is the change
in spin state, which according to selection rules must be ±1. The gyromagnetic ratio of
the electron is given by –gβe [10]. The spin states splitting in energy in the presence of a
magnetic field is called the Zeeman effect.

Because of the Boltzmann distribution for

the spin ensemble, there is a temperature dependent difference in population of the two
states, with more spins in the lower energy state.

It is this difference that makes

observation of the resonance possible.
The resonance condition is satisfied when the energy that is required to cause a
transition between the two spin states is equal to hυ. The resonance condition may be
achieved in two ways: varying the magnetic field strength or varying the microwave
frequency ([11].

In CW EPR, it is customary to hold the microwave frequency constant
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and sweep the magnetic field through resonance because of resonator bandwidth limits
[14]. The resonator bandwidth is defined as

BWres 

 res
Q

(1.2)

where res is the microwave frequency and Q is the quality factor of the resonator. Thus,
the bandwidth can be increased
by either lowering the Q or increasing the resonant

frequency. One example of a frequency-swept experiment is collecting spectra at Wband (94 GHz) with low Q resonator [14]. At the most common microwave frequency in
EPR, X-band (~9.6 GHz), there is not sufficient resonator bandwidth to employ a
frequency sweep that is large enough to be useful for most spectra. Because of the limit
in resonator bandwidth, most EPR spectrometers operate at constant microwave
frequency and scan the magnetic field (Figure 1.1).
focus on field-swept EPR.
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The majority of this thesis will

Ms+1/2

E = hυ = gB

E

hυ

Ms–1/2

Absorption

B0

Figure 1.1. Zeeman energy splitting for an unpaired electron in a magnetic field. The
splitting between the parallel (Ms = +1/2) and the antiparallel state (Ms = –1/2) is
proportional to the applied magnetic field (B0).
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Chapter 2: Information extracted from EPR
The information desired from an experiment will direct the type of experiment
performed.

Applications of EPR range from studying the structure of biological

molecular systems to studying the physical nature of magnetism (Salikhov, 2011). The
following sections discuss typical information extracted from an EPR experiment.

2.1 g-Factor and Spin-Orbit Coupling
Because a spectrum can be obtained at different microwave frequencies, the field
at which resonance occurs is not unique. The g-factor (Equation 2.1), however, can be
used as a characteristic of a compound because it is independent of frequency.

g

h
e B 0

(2.1)

The intrinsic spin angular momentum of a free electron is associated with a g factor of
2.00232, which is called ge 
[15]. The g-factor is characteristic of the environment of a
spin, specifically the spin-orbit coupling. In quantum mechanics, the orbital and spin
angular momenta are represented by the operators ћL and ћS respectively (Salikhov,
2011). The orbital and spin magnetic moments of electrons are represented by the
operators in Equation 2.2,

0  g0eL

and
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S  geeS

(2.2)

The g-factors are different for the spin (ge= 2.0023) and orbital (go = 1) moments. The
total magnetic moment depends on the spin-orbit coupling. Because the ground state of
most molecules (including radicals) have small orbital angular momentum, the expected
g-factor in these cases is close to the free-electron value [15]. However, there is often
mixing of orbital angular momentum of excited states into the ground state that creates a
local magnetic field, which causes the g-factor to differ from the free-electron value. The
g-factor can be isotropic (orientation independent) or anisotropic (dependent on the
orientation of B0 with respect to the molecular axis).

Rapid tumbling can average

anisotropic components of the g-factor and give an isotropic spectrum.

2.2 Hyperfine Splitting and Spin Density
Because the deviation of the g-value from the free-electron value is often small, it
sometimes is not enough to uniquely characterize a radical species [16].

This is

especially true if the experiment is carried out at lower frequencies such as VHF or Lband.

The hyperfine structure often provides a more conspicuous signature to

characterize the sample. The hyperfine structure that arises from the interaction of the
electron with neighboring nuclei can be used to characterize a radical. The magnetic
field at the electron is composed of contributions from the external magnetic field and a
contribution from the magnetic moment of neighboring nuclei on electron spins [17].
Nuclei with spin zero, including

12

C and

16

O, are non-magnetic, however, many nuclei,

including 1H, 14N, 13C, have spin I ≥ ½ and possess a magnetic moment [10].
The interaction of an unpaired electron with neighboring nuclear-dipole moments
results in splitting of the electron spin resonance line.
8

This phenomenon is called

hyperfine splitting [15]. The number of hyperfine lines is equal to 2nI+1, where n is the
number of symmetry equivalent nuclei and I is the nuclear spin [11]. BI—the local
magnetic field due to the coupling with the nucleus—is dependent upon the type of
nucleus as well as the spin density around the nucleus. The larger BI, the larger the
hyperfine splitting is observed.
Hyperfine interactions are either isotropic (independent of the field orientation),
or anisotropic [17]. If the unpaired electron is localized in a spherically symmetric sorbital, the hyperfine coupling will be isotropic. Anisotropic coupling arises from an
electron localized in a p-, d-, or f- orbital. Anisotropic hyperfine can appear isotropic if
the radical is tumbling rapidly, which is the case for many radicals in solution. The
fundamentals of nuclear hyperfine splittings are discussed in the text by Wertz and
Bolton [15]. Because hyperfine couplings are related to the spin density of the unpaired
electron on an atom, these values are often used to clarify the structure of the
paramagnetic species.

2.3 Electron Relaxation Times
In EPR, relaxation is the process of reaching the equilibrium macroscopic
magnetization in a given direction [18]. This occurs as a result of interactions between
the spin system and its environment [19]. The relaxation time is defined as the time
constant for a single exponential signal decay that describes the relaxation.

By

measuring electron relaxation times, a better understanding of the environment of the
spin is obtained.

9

2.3.1. Spin-lattice relaxation time, T1.
Also called the longitudinal relaxation time, T1 is the relaxation time for
magnetization along the z-axis, which is defined as the direction of the static magnetic
field B0 [18]. This relaxation process is induced by fluctuating magnetic fields arising
from motions in the environment [19]. In solids, longitudinal relaxation is caused by
absorption or stimulated emission of phonons. Similarly, in liquids, the fluctuating fields
are induced by molecular motion. The rate of spin-lattice relaxation can be related
directly to the rate of tumbling in solution as long as the tumbling is below the Redfield
limit where the motions are fast enough to average the anisotropic interactions that they
modulate.

T1 values are typically measured by inversion recovery and saturation

recovery experiments [19].

For more details on spin relaxation see the chapter in

Biological Magnetic Resonance by Gareth and Sandra Eaton [20].
An inversion recovery experiment is a three pulse sequence that measures T1
directly. First, a 180o pulse flips the magnetization vector from +z to –z. After a time τ1
(that is variable), a 90o pulse is applied to flip the spins into the x-y plane. The spins are
allowed to diphase in the x-y plane and a 180o pulse is applied to refocus the spins to
form a spin-echo. One of the issues with an inversion recovery experiment is that often
the time constant obtained from this experiment is a combination of the spin-lattice
relaxation time and spectral diffusion.

However, with this complication, inversion

recovery experiments are currently the most common way to obtain a value for the spinlattice relaxation time.
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In a saturation recovery experiment, the first pulse is a long lower power pulse
that saturates the spin system [21].

CW, FID, or echo can be used to monitor the

recovery. The purpose of the long low power pulse is to eliminate spectral diffusion.
2.3.2 Spin-spin relaxation time, T2.
Also called the transverse relaxation time, T2 is the relaxation time in the x-y
plane, which is defined to be perpendicular to the static magnetic field, B0 [18].
Transverse relaxation does not require an exchange of energy with the
environment, but does require interaction with the environment so that the dynamics of
the spins are no longer coherent. This interaction includes the exchange of energy
between spins.

The phase memory time (Tm) is associated with the decay of the

coherence in a spin echo experiment. The Tm label is sometimes used interchangeably
with T2, however there may be other contributions to Tm such as from instantaneous
diffusion (phenomenon that spins with the same resonance frequency before the
microwave pulse can have different resonance frequencies after the pulse) that do not
correspond to spin relaxation.
If a line is homogeneously broadened, the T2 can be determined from the slowscan CW linewidth (Equation 2.3)

2
6.56x108 (G s)
Bpp 

T2 (s)
3T2

(2.3)

where ΔBpp is the slow-scan peak-to-peak linewidth and γ is the gyromagnetic ratio. In
many EPR samples, unresolved hyperfine splitting contribute to the linewidth. In these



cases, the spectra are said to be inhomogeneously broadened. Equation 2.3 does not
apply to inhomogeneously broadened lines.
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In a typical spin echo experiment to measure T2, the pulse sequence is a 90 (/2)
microwave pulse, followed at time τ1 later, by a 180 () microwave pulse.

The

application of the 90 pulse rotates the magnetization vector into the x-y plane in the
direction perpendicular from B1. After the first pulse the spins begin to lose coherence
due to differences in the frequencies at which the spins are precessing. The second pulse
rotates the spins 180o forming an echo signal after an additional time τ1. This 2-pulse
spin echo experiment measures losses of net magnetization in the x-y plane. The time
constant associated with the loss of the net magnetixation in the x-y plane is the phasememory relaxation time or Tm. Tm is measured by monitoring the decay of the spin echo
amplitude as a function of τ1. Tm values that are measured by spin-echo experiments are
often reported interchangeably as T2.
Spectral Diffusion Time, TD. is a term that includes all processes that move the
spin magnetization between positions in the EPR spectrum (Eaton and Eaton, 2000).
Some examples of spectral diffusion processes include: motion of an anisotropic center,
electron-electron exchange, and nuclear spin-flops.

Spectral diffusion makes an

especially large contribution when the lines in a spectrum overlap.
T2*. (pronounced “T-two-star”) is the time constant associated with all broadening
mechanisms that contribute to the linewidth including inhomogeneous broadening. T2*
can be measured as the time constant associated with the overall damping of a free
induction decay (FID) of the spin system response to a pulse.

12

2.4 Power Saturation Experiments.
Signal intensity is directly proportional to B1 (the amplitude of applied magnetic
field from the microwave source) if the signal is not saturated [22]. The saturation of an
EPR signal is dependent upon the relaxation times (T1 and T2).
To understand power saturation, the steady-state solutions to the Bloch equations
should be considered. There are three distinct frequencies in an EPR experiment: the
frequency of the resonator (ωres), the source frequency (ω0), and the Larmor frequency
(ωL). The Larmor frequency is the frequency of the precession of the spins in the
presence of the static magnetic field, B0 (Equation 2.4).

 L  B0

(2.4)

At resonance, the source frequency (ω0) is equal to the Larmor frequency (ωL). The
vector model is often used to
describe spin dynamics. The Bloch equations are a set of
equations that describe the macroscopic electron magnetization vectors as a function of
time relative to T1 and T2. Equations 2.5–2.7 are the steady-state solution of the Bloch
Equations, that can be applied to a situation such as CW EPR [23] .

Mx 

M0

(2.5)

M0

(2.6)

1 T2 2
Mz 
M
1 12T1T2  (T2 ) 2 0

(2.7)

My 





1T2 2

1 12T1T2  (T2 ) 2

T

1 2
2
1 1 2

1  T T  (T2 )2
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where ω1= γ B1, δω=(ω0– ωL), and M0 is the equilibrium magnetization along the z-axis
in the absence of excitation (B1=0). At resonance (when the Larmor frequency equals the
source frequency, or δω=(ω0– ωL)=0), the equations are simplified in the following
manner (Equation 2.8–2.10):

Mx,res  0

M y,res 


M z,res 



(2.8)

1T2
M
1 12T1T2 0
1

1 12T1T2

M0

(2.9)

(2.10)

At resonance, the magnetization along the x-axis goes to zero. The component along the



y axis is the largest. Power saturation can be understood from the Bloch equations. If B1
is too large (i.e. the power is too high), My and Mz approach zero, thus the signal intensity
decreases.
The populations of the two spin states (spin up and down) can be used to
understand power saturation.

If the applied B1 is too high, the peak height in the

absorption spectrum is decreased due to the reduction in the population difference
between the two spin states.

This occurs when the rate of energy absorption is

comparable to or greater than the rate of relaxation between the two energy levels. For
this reason, samples with longer relaxation times saturate at lower powers.
The shape of a power saturation curve is often described by a saturation factor, s,
which is extracted from equation 2.10 and shown in Equation 2.11.

s

1
1  B12T1T2
2
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(2.11)

where s is the saturation factor,  is the gyromagnetic ratio, B1 is the magnetic field from
the microwave source, T1 is the spin-lattice relaxation time, and T2 is the spin-spin
relaxation time. Figure 6.3 is an example of a power saturation curve.
Because of the relationship between the saturation factor and relaxation times,
power saturation curves can be measured to determine relaxation times [24]. These
power saturation experiments give additional insight into the environment of the spins
[25]. Power saturation curves can also be measured to determine the linear response
region for a particular sample in a particular spectrometer. To obtain spectra in which the
signal is proportional to the number of spins, the power should be selected that is in the
linear response region of the power saturation curve. This information allows an
experimentalist to select an appropriate power for a particular experiment.

In this

dissertation, power saturation curves were measured as a method of characterizing each
rapid-scan experiment.
Equation 2.11 is useful for describing the saturation behavior for a single spin
packet, which can be extended to a homogeneously broadened line. For homogeneous
broadening, the energy absorbed from the microwave field is distributed to all the spins
and thermal equilibrium of the spin system is maintained through resonance if B1 is in the
linear region. However, in a typical EPR experiment, there is an ensemble of spins that
often exhibit inhomogeneous broadening. The Portis group demonstrated that a power
saturation curve will have different shapes if the EPR line is a superposition of multiple
spin packets. This case is defined as inhomogeneous broadening [22]. Examples of
inhomogeneous broadening include hyperfine interactions, anisotropy broadening,
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dipolar interaction between spins with different Larmor frequencies, and inhomogeneities
in the applied magnetic field. The type of inhomogeneous broadening will result in
different shapes of the power saturation curve.

2.5 Determination of Resonator Efficiency
Although the key variable is B1 a power saturation curve often is plotted as the
signal intensity as a function of the square root of power because that is what the
spectrometer reads out. Incident power can be converted to B1 using the relationship B1
= *P. The resonator efficiency, , is the conversion efficiency of incident power to
B1, the microwave magnetic field amplitude at the sample.
The efficiency of the resonator (Λ) can be measured directly by simulating the
power saturation curve (using SATMON) [26] if the T1 and T2 relaxation times are
known. Since  is proportional to √Q, the value for a particular resonator is dependent
on sample size, microwave loss, sample positioning, and resonator tuning.

If the

resonator efficiency is calculated for a known Q (or quality factor, which will be
discussed in further detail in section 3.3), the efficiency at different values of Q can be
determined with Equation 2.12 [27]
1/ 2
1 Q1 
  
 2 Q2 

For the

15

(2.12)

N-mHCTPO sample,  = 0.48 G/√watt for the dielectric resonator was

determined by simulating
a CW power saturation curve with SATMON, a locally-written
Fortran program [26]. Table 2.1 is a summary of the resonator efficiencies for the SHQ
and dielectric resonator at several different Q values. Measured values matched well
16

with values predicted by Equation 2.12. These efficiency values were used to convert the
power saturation curves in this dissertation to plots of signal intensity as a function of B1.
This allowed for comparison between different instruments such as the EMX and E500T.
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Table 2.1. Summary of resonator efficiencies for a variety of samples. The Q for the
E500-T resonator was measured with the pulser circuit [28].
Resonator
Sample
Q
Efficiency
(G/sqrt(Watt))
Dielectric-E500

EMX-SHQ

Empty-Bruker

4000

4.0a

Empty-I measured

9000

3.8c

mHCTPO sample

150

0.48b

1 Capillary Tube H2O

835

1.1c

3 Capillary Tube H2O

325

0.7c

Hydrogenated Si

9000

3.8c

Diamond w/ water

400

0.8c

N@C60 w/water

250

0.6c

Empty-Bruker

7500

2.0a

Empty

9000

2.0b

1 Capillary Tube H2O

3000

1.2c

3 Capillary Tube H2O

1000

0.7c

a

Efficiency as reported by Bruker in manual provided with resonator.
Efficiency measured by simulating power saturation curve with SATMON program.
c
Scaled efficiencies based on the ratio of the square root of the Q values.
b
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Chapter 3: Introduction to Rapid-scan EPR
3.1 Background of Rapid-Scan EPR
Rapid-scan EPR is analogous to rapid-scan NMR experiments that were first
performed by Bloembergen, Purcell, and Pound [5]. In these experiments transient
effects in the form of “wiggles” were observed after the magnetic field passed through
resonance and attributed to relaxation effects [4].

Later, it was shown that these

lineshape distortions observed as “wiggles” could be deconvolved to obtain absorption
NMR spectra [29].
Transient “wiggles” also were observed in early EPR experiments, and are an
example of “passage effects”. The term passage effects has been used in a broader way
by Weger to describe various factors that cause traces to give misleading values of
linewidth and relaxation times [30].

In the Eaton lab, one use of the term “passage

effects” is to describe the distortions in the lineshape that are observed when the magnetic
field is scanned through a line in a time that is short relative to T2. The passage effects
may not always be observed if the line is inhomogenously broadened even though the
effect occurs for individual spin packets. These distortions are not always observed as
wiggles, but still require deconvolution to obtain an undistorted lineshape.
Because there is not enough time for the spins to relax, spins that were
previously excited as well as current spins are observed. This is why deconvolution
19

(Section 3.7) is needed: to decouple time-domain signals from different spin packets into
a meaningful magnetic field domain spectrum. In this case, to observe passage effects,
the field must be scanned through the line in a time that is short relative to T2*, which is
the relaxation time that describes the overall envelope of lines including inhomogeneous
broadening.
The first observation of the wiggle form of passage effects in EPR was by
Beeler’s research group while studying the sodium line in liquid ammonia [31]. The
early literature mainly focuses on the adiabatic passage of electron spins. Adiabatic rapid
passage effects were observed early on in irradiated LiF [32, 33]. Weger published an
extensive review on passage effects in magnetic resonance, both adiabatic and nonadiabatic [30].
In thermodynamics, if a process has no transfer of heat, it is labeled adiabatic.
However, the definition of adiabatic in EPR is slightly different. In EPR, adiabatic
passage is when the

|d/dt| << |B1| where d is the difference between the actual field

and the resonance field in units of the magnitude of the oscillating field [34]. In this case,
the spins follow the changes in B1.
Passage effects are not unique to magnetic resonance. This type of phenomenon
has been observed in rotational [35] and infrared [36] spectroscopy.
More recently, rapid-frequency-scan EPR was used to study nitroxyl radicals by
Hyde’s group at 94 GHz [14]. Using trapezoidal and triangular rapid frequency scans,
wiggles were also observed in the signal response.

Also, rapid-scan has been used in

imaging experiments of nitroxyl radicals performed by the National Cancer Institute [37],
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although the scans were not fast enough to cause oscillations on the trailing edge of the
signals.
In the Eaton lab, rapid-scan EPR was initially investigated at X-band, but effort
shifted to VHF (250 MHz) because of growing interest in developing methods for in vivo
spectroscopy and imaging [38]. Triangular scans were used to drive the rapid magnetic
field scans because of simplicity of hardware and the ability to use Fourier deconvolution
to recover slow scan lineshapes from the rapid-scan signals [39]. Initially, rapid-scan
EPR was applied to a trityl radical (T2~11.5 µs) and deoxygenated LiPc (Lithium
phthalocyanine) (T2~2.5 µs) because of the potential of these samples for in vivo
oximetry. Because of the relatively long spin-spin relaxation times of these samples,
passage effects were observed with scan rates as low as 6 kG/s. These passage effects
were simulated to determine T2 of nitroxyl radicals at VHF [40]. Rapid-scan at VHF was
also shown to be a quantitative measurement of spins provided that the system (sample,
resonator, spectrometer, gain, etc.) is fully characterized [41].

3.2 Definition of Rapid-Scan EPR
As mentioned in the previous section, the term “rapid-scan” has been applied to a
variety of different conditions. In the Eaton lab, the definition of the rapid-scan regime
(for field-swept rapid-scan EPR) is that the magnetic field is swept through resonance in
a time that is short relative to the electron spin-spin relaxation time (T2). If T2* is
relatively long, this will result in oscillations in the signal response [42]. The decay of
these oscillations is dependent upon the electron spin-spin relaxation time and
inhomogeneous envelope (T2*). Thus, information about the T2 can be extracted from
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simulations of rapid-scan spectra. Rapid-scan spectra can also be deconvolved to obtain
the absorption spectra [43].
A vector model is useful when visualizing the physical processes during a rapidscan EPR experiment.

The magnetization vector is the vectorial sum of all of the

magnetic moments in the sample. Typically CW EPR experiments are run in a slow-scan
linear response regime where the magnetization is tipped by a very small angle [38]. The
opposite extreme is a pulse experiment, where pulsed microwaves make a large effect on
the orientation of the net magnetization vector (e.g., 90 and 180 pulses). In a rapidscan experiment, the spins are tipped an intermediate amount.
In a rapid-scan experiment, as the magnetic field is scanned through resonance,
the net magnetization vector is turned from the z-axis to include a xy component.

The

passage effects or wiggles that are observed are due to the oscillation of the xycomponent of the magnetization. As mentioned in section 2.4, there are three distinct
frequencies in an EPR experiment: the frequency of the resonator (ωres), the source
frequency (ω0), and the Larmor frequency (ωL). The Larmor frequency is the frequency
of the precession of the spins in the presence of the static magnetic field, B0 (Equation
2.5). At resonance, the source frequency (ω0) is equal to the Larmor frequency.

For

magnetic resonance experiments, it is important to understand the rotating frame.

In

EPR, detection is at the source frequency, so the signal is relative to the reference
frequency.

In a rapid-scan experiment, B0 rapidly changes with time and so does the

frequency at which the spins precess (Equation 3.1).

 L (t)  B0 (t)
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(3.1)

As the field is swept faster and faster through resonance, the spins begin to
precess at a frequency different from the source reference frequency. This difference is
observed as the wiggles with accelerating frequency in the rapid-scan signal.

The

amplitude of the wiggles decay as the magnetization in the x-y plane returns to zero.
Figure 3.1 is a depiction of the rapid-scan phenomena. The representation in Figure 3.1
uses the rotating frame of reference, which eliminates the time dependence of the
microwave component that is perpendicular to the z-axis.

There are two main

contributions to the decay of the magnetization in the x-y plane: homogeneous and
inhomogeneous broadening. For a line that is purely relaxation determined, the lineshape
is Lorentzian, and the magnetization in the x-y plane decays with T2 as the time constant.
Inhomogeneous broadening occurs when unresolved hyperfine coupling or g
anisotropy contributes to the lineshape. When inhomogeneous broadening is present in a
sample, the decay of the wiggles is dependent upon T2*.

When the lineshape is

dominated by inhomogenous broadening, it is often Gaussian. Lineshapes may also be
intermediate between Lorentzian and Gaussian, and referred to as a Voight lineshape.
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Figure 3.1. Comparison between laboratory and rotating frame of reference for rapidscan EPR. (A) When the observer is in the laboratory frame of reference (off of the
carousel) the frequency observed is the actual frequency the spin is precessing at, which
is true at resonance. This figure shows the situation when the source frequency is equal
to the Larmor frequency. (B) The observer is now rotating at the source frequency, so the
observed frequency of the spin is the difference between the actual frequency at which
the spin precesses and the Larmor frequency. (C) In a rapid-scan experiment, the
departure from the source frequency is detected.

3.3 Instrumentation of a typical EPR Spectrometer
Basic spectroscopy requires three things: a source of radiation, a sample and a
detector [44]. In magnetic resonance, an external magnetic field is also required. X-band
(~9 GHz) CW spectrometers are the most common in the field of EPR [17]. All CW
spectrometers have a few critical components including: a resonator, microwave bridge to
direct the microwaves and to detect the signal, and a magnet to produce external
magnetic field [10].
Most current spectrometers use a solid-state source called a Gunn diode. The
output power of the microwave source cannot be varied easily [11]. Therefore, a variable
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attenuator is important as it allows the microwave power that gets to the sample to be
controlled in a precise and accurate way.
Resonators are used to enhance weak signals from the sample [11]. A cavity is a
typical resonator in CW EPR, which admits microwaves through an iris [15] that is used
to match the resonator to the transmission line and minimize reflection (critical coupling).
There are many other common resonator designs including: loop-gap, dielectric, and
cross loop. The frequency of the source is tuned to the appropriate resonant frequency of
the cavity, which depends on the resonator geometry and the sample. The corresponding
resonant wavelengths are related to the dimensions of the resonator. Resonance means
that the resonator efficiently stores the microwave energy. Therefore, at the resonant
frequency, microwaves remain inside the resonator and are not reflected back when the
resonator is critically coupled to the transmission line. Resonators are characterized by
their quality factor Q, which indicates how efficiently microwave energy is stored:

Q

2 (energy stored)
energy dissipated per cycle

(3.2)

As Q increases, the sensitivity of the spectrometer increases because the detected
signal increases. The resonator Q can also be expressed in terms of the bandwidth of the



resonator (Equation 1.2). Thus, the higher the Q, the lower the bandwidth. As will be
discussed in detail later, the Q is important in rapid-scan EPR, where signals have a
larger bandwidth then in CW EPR. The importance of Q will be further discussed in
section 3.5.
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For CW spectrometers, the direct detection of the absorption signal results in low
signal to noise (S/N) [15]. To reduce the source noise, the EPR signal is encoded by
modulating the magnetic, which results in an alternating signal at the output of the
microwave detector. The signal is detected using a lock-in amplifier. The result is a firstderivative spectrum. This type of detection is referred to as phase-sensitive detection.
For this type of detection, a modulation frequency and amplitude must be chosen. Phasesensitive detection is advantageous because it can improve the S/N by several orders of
magnitude [11], however, if modulation frequency and amplitude are not appropriately
chosen, broadening of the EPR signal can occur.

Signal intensity increases as the

modulation amplitude is increased. To get the most accurate information about the
lineshape, the modulation amplitude should be less than about 10% of the peak-to-peak
linewidth. Passage effects may be observed if the modulation frequency is too high
relative to 1/T2*

3.4 Differences between Rapid-scan and CW EPR
There are several differences between conventional CW and rapid-scan EPR
including: signal detection, scan rate, shape of signal, resonator Q, and power saturation.
In CW EPR, the modulated magnetic field (B0 + Bmcos(2fmt)) is swept through
resonance slowly relative to the relaxation times (T1 and T2), and the signal is detected
with phase sensitive detection at the modulation frequency [42]. The magnetic field is
modulated at a frequency, fm.
For CW EPR, the magnetic field is scanned through resonance in a time that is
long relative to relaxation times [38]. Conversely, in rapid-scan EPR, the field is swept
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through resonance in a time that is short relative to the electron spin-spin relaxation time,
the field is not modulated, and the signal is detected directly. If the rate of change of
field is faster than the T2* then passage effects are observed [45]. The term ‘rapid-scan’
has also been used to describe scan rates that are faster than in commercial spectrometers.
One earlier definition of “rapid” refers to the regime where the inequality 3.5 is satisfied
[30].

B1
1
dB0 
0.5

T T 
 dt  1 2

(3.5)

In the experiments in this dissertation, rapid-scan is defined as a condition where the field
is scanned through resonance in a time short relative to T2 (Equation 3.6)



LW
 T2
a

(3.6)

where LW is the linewidth of the signal in gauss. When this rapid field scan condition is
satisfied, a S/N enhancement is observed. This phenomenon will be discussed in further



detail in chapters 6–8. To observe passage effects (wiggles) distorting the absorption
spectra, T2 must be replaced by T2* in Equation 3.6.
Rapid-scan signals may have higher frequency components compared with CW,
and require a larger resonator bandwidth. In CW EPR, the highest Q consistent with
source stability is desired to increase the S/N. Samples that are lossy reduce the Q and
are difficult to measure with CW EPR for this reason.

However, in rapid-scan

experiments, a loss in intensity due to low Q may be compensated by using a faster rate
and a larger B1. Thus, it is often advantageous to study a lossy sample with rapid-scan
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EPR rather than CW.

For samples that are not lossy, rapid-scan can still be

advantageous [46]. If the Q of the resonator is too high, a lossy solvent may be added to
lower the Q to prevent distortions in the rapid-scan signal. If a lossy solvent is added to
provide enough bandwidth, the overall improvement in S/N with rapid-scan over CW
will decrease.
However, having a lower Q, reduces source noise. At low powers, noise is
caused by the diode detector, which is not dependent on power. However, at higher
powers the main cause of noise is the source, which varies as the square root of power.
The power where the transition from noise that is independent of power to dependent on
power occurs is a function of Q [47], because the source noise is amplified at higher Q’s.
Low Q in rapid-scan EPR may be a disadvantage because of the white noise increase that
is a result of a larger resonator bandwidth. However, because the Q is much lower, less
source noise is observed. The magnitude of the source noise is also dependent on the
quality of the source and the first-stage amplifier.
For rapid-scan experiments on the E500T the standard deviation of the noise in
the center of deconvolved spectra was measured as a function of source power (Figure
3.2). For three replicate data sets the noise was independent of power below ~50 mW.
From 50 to 200 mW there was an increase in noise of about 33%. These results indicate
that for powers greater than about 50 mW, the noise is dominated by the source. As
resonator Q increases, source noise becomes significant at lower powers [47]. Because a
low Q (~150) was used for many of the rapid-scan experiments, the source noise only
becomes significant at very high powers. It is important to note, that these results were
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obtained with a reflection resonator. Source noise is much less of a problem when a
cross loop resonator is used.

Figure 3.2. Noise as a function of incident power for rapid-scan EPR data collected with
a critically-coupled FlexLine ER4118X–MD5 dielectric resonator with Q lowered to
~150. Data were observed at ~4.6 MG/s.

Because the magnetic field is on resonance for a relatively short time in a rapidscan experiment, the energy absorbed by the spins, for the same microwave B1, is less
than in conventional CW spectra, and the signal does not saturate as readily. The higher
the rapid-scan rate, the less time the magnetic field is on resonance, which allows spectra
to be run at higher powers without distortion by power saturation. Examples are shown
in Section 6.1.4.
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3.5 Rapid-scan Hardware
The main difference between the hardware in CW and rapid-scan EPR, is the scan
coils and coil driver that are used to create the rapid magnetic field sweep. As mentioned
in section 3.7.1, a linear rapid-scan driver was originally used for simplicity in
deconvolution. Sinusoidal scans with resonated coils permit wider sweeps at lower scan
driver voltages, but only recently the method to deconvolve the passage effects from
rapid sinusoidal scans has been developed [43]. Once the method for deconvolving the
sinusoidal rapid-scan was developed, the design and construction of a resonated
sinusoidal coil driver soon followed [48].
The scan coils are resonated via a circuit (Figure 3.3), consisting of a capacitor
(C) and an inductor (L) also called an LC circuit.

Figure 3.3. Simplified diagram for an LC circuit. In the case of the rapid-scan coil
driver, the source is the resonated coil driver box, the coils that define the inductance are
the scan coils, and the capacitors stand alone in their own box, because of the high
voltages present and to make capacitor interchange easy.
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An LC circuit is the electrical analog of a mass-spring oscillator (University
Physics Arfken, 1989, pg 679). The charge on the capacitor in an LC circuit oscillates at
a frequency given by Equation 3.7

 1  1
f   
2  LC

(3.7)

The purpose of an LC circuit is two-fold: by resonating the scan coils the reactive
components are removed, which allows the coils to be driven with much less voltage and



resonating the coils ensures a near-perfect sinusoidal scan, which is necessary for proper
deconvolution.
A variety of coils were used with the resonated coil driver, but the best results
have been demonstrated by using Litz wire coils. Litz wire coils reduce the skin effect
and the proximity effect. The skin effect is the phenomenon that electrical current tends
to occupy the surface or “skin” of the wire. Because of this, a large percentage of the
solid copper wire goes unused. By using Litz wire (many small wires encased by a larger
wire), the total surface occupied by the current increases and the AC resistance decreases.
The proximity effect is the phenomenon that coils in close proximity to one another
induce eddy currents in each other, which also increases resistance. Thus, Litz wire coils
are advantageous because the frequency dependence of the AC resistance is about a
factor of 6 lower than for the solid wire coils [48]. This reduction in ac resistance
reduces the power dissipated in the coils by a factor of 6, which decreases heating. When
used on the X-band iron-core magnet the performance of the Litz wire coils was
improved by installing aluminum plates on the poles of the magnet. With the Litz wire
coils, sweep widths of up to 60 G at 100% duty cycle are possible. The 100% duty cycles
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made possible with the Litz wire coils significantly improved the speed at which data
could be collected.

With the solid copper coils, a burst mode was used because of

heating of the amplifiers in the scan coil driver. In burst mode, the scan coils are driven
for only a fraction of the total time, with a wait time between bursts. The ratio of scan
time to total time is the duty cycle. In burst mode the scans and the spins must come to
equilibrium before the rapid-scan spectrum is collected, which reduces the effective time
used for data collection. For a 50% duty cycle the time for data acquisition was only
about 5%.
3.5.1. Modifications of standard spectrometer for rapid-scan EPR.
Starting from a bridge equipped for transient recording, very little if any
modifications would be required. However, starting from a standard X-band CW
spectrometer a high speed dual channel digitizer is required. If there is a signal
processing unit (SPU) or SpecJet II in the system either of these will work, but the SPU
bandwidth should be increased from the present 30 MHz to at least 60 MHz, preferably
75 MHz. The SPU is somewhat slower than SpecJet II when averaging fewer than 2048
traces, presumably due to data transfer rates. When averaging larger numbers of scans the
two digitizers approach the same time efficiency.
A trigger from the modulation drive system to the SPU or SpecJet II is required. If
the system has a signal channel module the output on the front panel that is a square wave
synchronized to the modulation frequency can be used. Conventionally, the trigger was
phased to be at the start of the up-field scan. If the up-down sense is ambiguous a switch
could be provided to reverse the scan if it is wrong. The up-field direction can easily be
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determined from a simple EPR test.

Imagine a single line sample such as LiPc.

Typically, a rapid-scan experiment is started with the signal centered at the resonant field
so that the up and down scans are equidistant apart (red triangles in Figure 3.4). If the
center field is then shifted significantly lower, the up and down scans will shift upward
on the sinusoid, represented by the green circles in Figure 3.4. The upfield scans will
move to the right, while the down field scans will move to the left. By doing this simple
test, it can be determined which scans are upfield and which are downfield.

Figure 3.4. Graphical representation of test to distinguish up and down scans. Blue
sinusoidal wave represents sinusoidal waveform. Red triangles represent the rapid-scans
when the field is centered on the resonant field. When the field is shifted down, the scans
move up on the sinusoid (represented by the green circles).

For rapid-scan EPR, a quadrature detection system is required. If starting from a
CW-only bridge this will have to be added and provision made to switch it in and out.
A high-bandwidth dual channel video amplifier is required. Preferably the
bandwidth would be adjustable in several steps from a few hundred kHz to at least twice
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the maximum digitizer sampling rate. An alternative to the video amplifier bandwidth
selections would be the use of an external programmable low-pass filter placed between
the output of the video amplifier and the input to the digitizer, such as Krohn-Hite model
3995 LP Butterworth dual channel filter. The standard video gains used for pulse EPR in
the range of 30 to 66 dB are appropriate. The video amplifier should be AC coupled with
a low frequency cut-off of no higher than 20 Hz.
For primary data acquisition and averaging the standard data collection software
for SPU or SpecJet II is adequate. However, to deconvolve the RS spectrum to obtain the
slow scan spectrum, additional post-processing software is required. In addition, postprocessing simulation software is also useful to compare the experimental time-domain
data with its simulation.

3.6 Signal and Resonator Bandwidth
Rapid-scan signals may have higher frequency components than CW, and may
require a larger resonator bandwidth depending on linewidths, relaxation times, and
speed of the rapid-scans. The bandwidth required for a given experiment is based upon
the linewidth and the scan rate of the magnetic field (Equation 3.8). To prevent distortion
of the rapid-scan signal, a larger resonator bandwidth (lower Q) is required at faster scan
rates. Figure 5.4 is an example of spectra collected at several different rates for the same
sample.
The signal bandwidth necessary to prevent distortions in the rapid-scan signal can
be estimated using Equation 3.8.
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(3.9)

*
where N is a constant
often selected to be 5–6 (which accounts for 5–6 lifetimes for T2



exponential decay), a is the scan rate in G/s (defined for a sinusoidal scan by Equation
3.9 where w is the width of the scan and f is the scan frequency), and ΔBpp is the peak-topeak linewidth of the derivative line in gauss. If the signal bandwidth is limited by the
choice of parameters such that the oscillations are damped, broadening occurs in the
deconvolved line.

The bandwidth requirement depends on the extent to which

broadening is acceptable.
In practice, a rate is selected for a particular sample that is conservative relative to
the rate suggested by Equation 3.8.

Because N is a difficult parameter to select a priori,

a conservative value for N will be initially selected (such as 10). Data are collected and
deconvolved and the rate is decreased until a limiting value for the linewidth is observed.
The rate is then increased until a small amount of broadening is observed. At this rate,
the highest S/N per unit time will be observed while maintaining linewidth fidelity.
In a rapid-scan experiment, the bandwidth for the spectrometer is typically limited
by the resonator bandwidth, which is defined by Equation 1.2. The video amplifier in the
bridge could also limit the bandwidth, but this is typically not the case.

In this

dissertation, most of the rapid-scan data was collected at X-band with either the E580 or
the E500T. The E500-T (X-band) and E580 (operated at X-band) have two bandwidth
settings in the video amplifier, 20 and 200 MHz.
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In a rapid-scan experiment, if B0 is scanned upfield, the Larmor frequency
increases, so the observed frequencies are from the reference to the upper limit of the
resonator bandwidth. When the scan is downfield, the observed frequencies are from the
reference frequency to the lower limit of resonator bandwidth. Thus, only half of the
total resonator bandwidth is available for a given scan direction (see Equation 3.10).

1

BW available  BW resonator  res
2
Q

(3.10)

This phenomenon was demonstrated by studying rapid-scan of a trityl signal. CD3 trityl,
which has a T2~11 µs, and a full-width at half height of 30 mG was chosen to illustrate



this concept. The rapid-scan experiment was performed with a scan frequency of 8 kHz,
a scan width of 10.0 G, microwave frequency of 256.309 MHz, and a Q~50. Using
Equation 3.8 (with an N of 5), the signal bandwidth for this experiment is 8.5 MHz. The
Q of the resonator is 50, therefore the full bandwidth at 256.309 MHz is 5.12 MHz, and
the half-bandwidth is 2.56 MHz. To determine which bandwidth was actually limiting
the signal, a Krohn-Hite model 3955 LP Butterworth dual channel filter was used to
adjust the bandwidth of the signal to the digitizer. If the bandwidth available to the rapidscan signal was ~5 MHz, when the bandwidth was decreased below 5 MHz with the
Krohn-Hite filter, damping of the signal should be observed. However, if the bandwidth
available was ~2.5 MHz, no effect on the spectrum should be observed until the filter
bandwidth is lowered below 2.5 MHz.
Rapid-scan EPR signals were measured at Krohn-Hite settings of 8, 5, 4, 3, 2.5,
and 2 MHz. No significant difference in the signal between 8, 5, and 4 MHz was
observed. When the bandwidth was decreased 3 MHz, a significant difference was
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visible. Once the Krohn-Hite was set to less than half bandwidth of the resonator, the
signal changed significantly. Figure 3.5 shows the difference between 8, 4, and 2 MHz.
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Figure 3.5. Comparison of rapid-scan EPR spectra of the CD3 trityl radical with KrohnHite filter settings of 8, 4 and 2 MHz.
When calculating appropriate rates to run rapid-scan EPR to prevent distortions in
the line, the bandwidth available is only ½ the resonator bandwidth (Equation 3.10).

3.7 Rapid-scan Deconvolution
3.7.1. Introduction
In this dissertation, deconvolution refers to the process of extracting a slow-scan
conventional spectrum from a rapid-scan spectrum.

The triangular deconvolution

procedure was developed for experiments where the rapid-scan magnetic field was
generated by a linear coil driver [39]. More recently sinusoidal fields have been used to
achieve faster rapid-scan rates. These experiments were feasible after the development of
the sinusoidal deconvolution procedure by Mark Tseitlin in the Eaton lab.
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The rapid-scan signal, after multiplication by the sinusoidal driving function
(Equation 3.11) is the convolution (multiplication in the Fourier domain) of the
sinusoidal driving function and the absorption spectrum [43].

The driving function is

defined by Equation 3.11, which describes how phase of the excitation relative to the
waveform changes with time.


sin(2f m t) 
dsin (t)  exp j e Bm 

2

f



m

(3.11)

Bm is half the peak-to-peak amplitude of the scan and fm is the scan frequency. The
absorption spectrum is obtained by division in the Fourier domain, followed by reverse



Fourier transformation. To have a successful deconvolution, one must know the driving
function accurately (including the scan width and frequency).
3.7.2. Calibrating Scan Width
Because an accurate understanding of the driving function is critical to successful
deconvolution, the scan width should be calibrated. To calibrate the scan width, several
spectra are collected with a sample with a known hyperfine splitting, such as

15

N-

mHCTPO. The scan width is varied in the deconvolution until the splitting in the
deconvolved rapid-scan spectrum matches the known splitting.

An alternative method

of calibrating the scan width is to step the field off resonance by a known amount (such
as 5 G). It the scan width is known correctly, the deconvolved rapid-scan spectrum will
be offset by 5 gauss.
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Chapter 4: Rapid-scan method testing
One of the main focuses of this project has been to develop the hardware
necessary to perform rapid-scan EPR experiments.

The instrument design and

construction were done by other members of the group including Dr. George Rinard and
Richard Quine. This chapter will focus on testing of rapid-scan EPR instruments.

4.1 Q-measurement Circuit
4.1.1. Introduction
Because the EPR signal voltage is proportional to resonator Q [49], it is important
to know the Q to do quantitative EPR experiments [11]. As mentioned previously, it is
also important to know the Q in rapid-scan EPR. If Q is too high relative to the signal
bandwidth, the resonator filters the rapid-scan signals and distorts spectra. Knowing the
Q allows accurate, undistorted rapid-scan spectra to be collected.
There are two fundamental methods to determine the Q: by transient decay and by
determination of the frequency bandwidth of the resonator [50]. The transient decay
method is commonly used in pulsed EPR because the hardware is in place to create
pulses and measure the transient response [28]. The analysis of this type of measurement
depends on what type of detector is being used. For a crystal detector, the Q is described
by Equation 4.1 assuming that the voltage output is linear in microwave power incident
on the crystal.
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QL = 2

(4.1)

where  is the ring-down time constant and  is the resonator frequency. For a doublebalanced mixer, the output signals are linear in voltage rather than power. The Q
measured with a double-balanced mixed is described by Equation 4.2.
QL = 

(4.2)

Because the decay is a single exponential, only the time for a decay of 1/e needs to be
measured to determine the Q [28]. However, if the Q is extremely low, the decay may be
difficult to measure accurately due to limits in the response time of the detection device
or the oscilloscope.
4.1.2. Methods
This work primarily focused on the testing of the circuit designed and built by
Richard Quine. For a complete discussion on the engineering of this instrument, see
Quine’s [28] paper.
The power ring-down signal was collected via a LeCroy scope for a critically
coupled resonator with several different Q settings from 100–1800 (Figure 4.1). These Q
values were achieved by introducing different amounts of a lossy solvent (water) into the
resonator in an EPR tube. The ring-down signal was also collected for different coupling
settings such as critically and over-coupled (Figure 4.2). In figure 4.2, the full width of
the pulse is displayed. The four traces show the change in the reflected power as a
function of Q and coupling. To measure Q, the response at the end of the pulse is
analyzed (Figure 4.1).
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Figure 4.1. Reflected power ring-down for several Q settings, zoomed in on the end of
the pulse. Reflected power ring-down signal obtained with the circuit in the X-band
E500T bridge. (fuchsia line) Critically coupled resonator with a 0.16 mm tube of water
added to the resonator (Q ≈ 100). (orange dashed) Critically coupled resonator with a
0.8 mm tube of water added to the resonator (Q ≈ 500). (blue dashed) Critically
coupled resonator with a non-lossy sample in the resonator (Q ≈ 1800). (green dashed)
Over coupled resonator with non-lossy sample in the resonator (Q ≈ 550). These
waveforms were obtained at a spectrometer power attenuation setting of 15 dB where 0
dB is ca. 200 mw (+23 dBm).
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Figure 4.2. Reflected power ring-down signal obtained with the circuit in the X-band
E500T bridge. (a) Critically coupled resonator with a 0.16 mm tube of water added to
the resonator (Q ≈ 100). (b) Critically coupled resonator with a 0.8 mm tube of water
added to the resonator (Q ≈ 500). (c) Critically coupled resonator with a non-lossy
sample in the resonator (Q ≈ 1800). (d) Over coupled resonator with non-lossy sample
in the resonator (Q ≈ 550). These waveforms were obtained at a spectrometer power
attenuation setting of 15 dB where 0 dB is ca. 200 mw (+23 dBm).

4.1.3. Discussion
The measured Q values matched up with the value of Q necessary to simulate
distorted rapid-scan spectra at higher Q values (>150). However, at lower Q values,
some discrepancies were observed. These discrepancies were attributed to the limitations
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in the oscilloscopes measuring the ring down. An apparent ring-down time constant of
1.2 ns was observed when measuring an open circuit (no resonator connected) with a 400
MHz bandwidth oscilloscope and 0.83 ns with a 500 MHz scope. This indicates that
measurements of resonators with a ring-down time constant of less than 2.5 ns (Q~150 at
X-band) would not give an accurate Q.
This circuit can also be used as an aid for tuning the resonator. Figure 4.2 a–c
shows that when the resonator is critically coupled, the center of the pulse is nearly at the
baseline (i.e. no reflected power). This type of pattern can be achieved by adjusting both
the coupling and microwave frequency.

4.2 Determining best Resonator and Rapid-scan Coils
4.2.1. Introduction
Developing rapid-scan EPR at X-band has required experimentation with several
different set-ups. Initially, the coils in an ENDOR resonator were used to achieve very
high scan rates (up to 1 GG/s) to study α,γ-bisdiphenylene-β-phenylallyl (BDPA) and
2,2-diphenyl-1-picrylhydrazyl (DPPH) (Chapter 5). A critically-coupled Bruker
ER4118X-MD4 pulse ENDOR resonator was rotated such that the field resulting from
the ENDOR coils was parallel to the B0 magnetic field [51]. This set up worked well for
a sample that was very small and point-like. However, for more extended solution
samples, larger coils are required to achieve a homogeneous field throughout the sample.
In this section, some of the different coils and resonators that were tried to determine the
best set up will be discussed.
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Rapid-scan (RS) EPR can be done using standard cavity modulation coils and the
standard CW modulation coil driver. However, certain limitations will apply, and some
modifications to a standard CW spectrometer will be needed, as outlined below.
4.2.2. Methods
15

N-mHCTPO

sample.

15

N-mHTCPO

(4-hydro-3-carbamoyl-2,2,5,5-tetra-

perdeuteromethyl-pyrrolin-1-15N-oxyl-d12) was used routinely for testing of different
hardware. This nitroxyl radical was prepared as previously described [52] and provided
by Prof. Halpern (University of Chicago). A solution of 0.1 mM 15N-mHTCPO in 80/20
v/v Ethanol/water was placed in a 4 mm o.d. x 3 mm i.d. quartz tube, and had a height of
3 mm, resulting in a 3x3 mm cylindrical shape, which gave a resonator Q ~150. The
sample was degassed by performing six freeze-pump-thaw cycles and then was flame
sealed.

This concentration is in a range where the contribution to relaxation from

collisions is very small [1].
4.2.3. Results and Discussion
Comparison of standard modulation coils with extended coils. There are
limitations in the use of standard Bruker modulation coils and drivers for rapid-scan EPR
due to the small size of these coils. Standard modulation coils are about 25 mm diameter;
this limits the homogeneous field region produced by the coils. Considerable distortion in
rapid-scan spectra taken with standard modulation coils was observed for extended
samples. Figures 4.3–4.6 and the following discussion illustrate this problem.
For scan width control and calibration, the standard automated method of
resonating and calibrating the modulation coils is probably adequate (section 3.7), but it
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should be noted that precise knowledge of the scan rate is required for accurate
deconvolution of the RS spectrum.
Dielectric resonator with Bruker modulation coils. The rapid-scan time-domain
spectrum of the low field line for 0.1 mM 15N-mHCTPO in 80/20 ethanol/water solution
in the dielectric resonator with resonated modulation coils at ~29 kHz with ~30 G scan
width is shown in Figure 4.3A.

Good agreement between the pseudomodulated-

deconvoluted rapid-scan spectra with the CW spectrum was observed for the low-field
line (see Figure 4.3 C, D) but not for the full spectrum (Figure 4.4 B, C). The broadening
observed in Figure 4.4 B is most likely a result of the sample size relative to the size of
the modulation coils because the field may not be homogeneous over the sample.
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Figure 4.3. Comparison of deconvolved rapid-scan and CW spectra of the low-field line
for a 3mm 15N-mHCTPO sample, obtained with standard modulation coils. (A)
Deconvolved rapid-scan spectrum of 0.1 mM mHCTPO solution with 20 G scan width,
and 29.7 kHz scan frequency. 1024 averages were collected with resonator Q~150 and 2
mW power (0.02G B1). (B) First derivative spectrum obtained by pseudomodulation of
the signal in A. (C) Single scan of a field-modulated first-derivative CW EPR spectrum
of the same sample.
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Figure 4.4. Comparison of deconvolved rapid-scan and CW spectra of 3 mm 15NmHCTPO sample, obtained with standard modulation coils. (A) Deconvolved rapid-scan
spectrum of 0.1 mM mHCTPO solution with 55 G scan width, and 29.7 kHz scan
frequency (~5.1 MG/s). 1024 averages were collected with resonator Q~150 and 2 mW
power (0.02G B1). (B) First derivative spectrum obtained by pseudomodulation of the
signal in A. (C) Single scan of a field-modulated first-derivative CW EPR spectrum of
degassed 0.2 mM mHCTPO solution. 40 G sweep width, 0.05 G modulation amplitude.
Dielectric resonator with larger external coils. The rapid-scan spectrum of the
low-field line for the same 3 mm 0.1 mM mHCTPO as previously described is shown in
Figure 4.6A.

This is a better experimental set up, that does not cause as much

broadening. Good agreement is observed between the pseudomodulated-deconvoluted
rapid-scan spectrum with the CW for the low-field line (Figure 4.5 C,D) and for the full
spectrum (Figure 4.6 A,B).
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Figure 4.5. Comparison of rapid-scan and conventional CW EPR spectra of a 3mm
0.1 M mHCTPO sample. Magnetic field scans were from low field to high field
using 9.5 cm external coils. (A) As-recorded sinusoidal rapid-scan signal obtained
with a scan rate of 1.8 MG/s. 1024 averages were recorded in about 0.9 seconds
using SpecJet II. The incident microwave power was about 80 mW (0.14 G B1). (B)
Slow-scan absorption spectrum obtained by deconvolution of signal in A. (C) First
derivative spectrum obtained by pseudomodulation of the signal in B. (D) Single
scan of a conventional field-modulated first-derivative CW EPR spectrum of the
same sample, obtained in 0.9 sec using about 5 mW incident microwave power, 10
kHz modulation frequency and 0.13 G modulation amplitude. Modulation amplitude,
power, and filter were chosen to maximize signal while allowing less than 2%
broadening of the linewidth. Operated with a 50% duty cycle.
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Figure 4.6. Comparison between pseudomodulated, deconvolved rapid-scan and slow
scan spectrum of degassed 0.1 mM mHCTPO solution. (a) CW spectrum. 40 G sweep
width, 0.05 G modulation amplitude, 5 mW microwave power. (b) Pseudomodulated,
deconvolved rapid-scan spectra of a degassed 0.1 mM mHCTPO solution with 55 G scan
width, and 29.7 kHz scan frequency (~5.1 MG/s). 1024 averages were collected with
resonator Q~150 and 2 mW power (0.02G B1).
The data shown in Figures 4.4 and 4.6 were obtained with about the same
frequency and sweep width. The only difference was the size of the coils that were used
to create the rapid magnetic field scans. The improvement in resolution observed with
the external coils is attributed to the size of the coils. The 9.5 cm external circular coils
are large relative to the sample size, creating a more homogenous field over the sample.
There are hardware limitations on the maximum scan rates.

For Bruker

modulation coils, the maximum field available from the standard system is 40 Gpp at 100
kHz, which produces a maximum scan rate of about 12.5 MG/s. For narrow lines and
long T2* this is fully adequate. However, for short T2* and broad lines it may not be
adequate to reach the RS regime.
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Although the standard modulation coils themselves are robust enough to handle
40 Gpp continuously, their proximity to the resonator can sometimes cause r.f. tuning
drift when run continuously due to heating of the resonator assembly. Since the power
goes down as the square of the ratio of a reduction in sweep width this limitation only
occurs at the very highest sweep widths.
R.F. drift begins to occur at about 1 W in the modulation coils or about 20 Gpp at
100 kHz. Because the a.c. resistance is less at lower frequencies the coils dissipate less
power at the same sweep width for lower frequencies.
Dielectric resonator with Litz wire external coils. The Litz wire coils greatly
improved the speed of data collection by allowing operation of 100% duty cycles.
Figure 4.7 shows the rapid-scan of mHCTPO when using the Litz wire coils (section 3.4).
The agreement between CW and the derivative of the deconvolved rapid-scan spectrum is
good.
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Figure 4.7. Comparison of rapid-scan and conventional CW EPR spectra of the low-field
nitrogen hyperfine line of 15N-mHCTPO collected with Litz wire coils at 100% duty
cycle. (Rapid-scan) As-recorded sinusoidal rapid-scan signal obtained with a scan rate of
1.8 MG/s and microwave power about 80 mW (B1= 0.14 G ). 12000 averages were
recorded in about 0.9 sec. (Absorption) Slow-scan absorption spectrum obtained by
deconvolution. (Rapid-scan, derivative) First derivative. (Slow Scan EPR) Single scan of
a conventional field-modulated first-derivative CW EPR spectrum of the same sample,
obtained in 0.9 sec using 5 mW power, 10 kHz modulation frequency and 0.13 G
modulation amplitude. Modulation amplitude, power, and filter were chosen to
maximize signal amplitude with less than 2% broadening.
Conclusions. Currently, the best set up for X-band rapid-scan experiments is with
the external Litz wire coils with the dielectric resonator. This allows for the most
homogeneous field across the sample, and the Litz wire coils allow higher sweep rates to
be achieved at 100% duty cycle.
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4.3 Testing of Sinusoidal Coil Driver
4.3.1. Introduction
Sinusoidal scans allow rapid-scan to be run at faster scan rates than with linear
(triangular) rapid field scans. This is because the amplifier power requirements for the
electronics are lower for sinusoidal scans with resonated coils than with linear scans [48].
Because the scan rate changes during the scan, the deconvolution for sinusoidal rapidscan EPR is more complicated than for linear rapid-scan. The sinusoidal deconvolution
procedure was developed in the Eaton lab [43], which permitted routinely acquiring and
analyzing sinusoidal rapid-scan EPR.

For the sinusoidal deconvolution procedure to

work properly, one must accurately know the driving function (the function that describes
the rapid magnetic field scan). Therefore, a lot of effort went into determining how
accurately sinusoidal the scans were.
Section 3.4 introduced the basics of the hardware for the rapid-scan coil driver
that was developed. Richard Quine developed and built the coil driver while my primary
efforts were to test different coil drivers and rapid-scan coils to determine ways to
improve the experiment.

For a full discussion on the electrical engineering and design

see the paper that gives a full description of the coil driver that is denoted as RCD3 [48].
4.3.2. Methods
Samples.

The

15

N-mHCTPO sample was the same 3 mm 0.1 M sample as

previously described (section 4.2.2). The jitter of the coil driver was tested with a small
LiPc sample. A very strong LiPc sample was chosen, so that good signal-to-noise (S/N)
would be achieved with just one scan. 2-D experiments were set up so that 50 spectra
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were collected consecutively. This experiment was performed at several different sweep
widths.
Spectroscopy. Rapid-scan signals were collected on a Bruker custom E500T Xband spectrometer. Signal acquisition was via a Bruker signal processing unit (SPU) for
CW spectra and a SpecJetII fast digitizer for rapid-scan signals. A critically-coupled
FlexLine ER4118X–MD5 dielectric resonator was used to minimize eddy currents
induced by the rapidly-changing magnetic fields. The pulse ring down method described
in section 4.1 was used to measure the resonator Q. The waveform was measured with a
Tektronix model AM-503 current probe and was simulated with a sine wave.
4.3.3. Results and Discussion
Before the final version of the resonated coil driver was built (RCD3), several
earlier versions were tested (RCD1 and RCD2). Initially, there was an unknown source
of EPR signal broadening that was assigned to jitter, based on the following results. The
larger sweep width, the larger the discrepancy between the RCD1 and RCD2 that was
observed (Figure 4.8 and 4.9 A–C). The standard deviations are summarized in Table
4.1. The standard deviations were also measured with spectrometer AFC both ON and
OFF. Little difference in standard deviation was observed when the ACF was turned off.
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Figure 4.8. Percent broadening of deconvolved pseudomodulated rapid-scan spectrum of
the low field line of 15N-mHCTPO when compared to the CW spectrum. Broadening
was measured as a function of sinusoidal scan width obtained with RCD1 or RCD2. For
every data point, the resonance was centered in the sinusoidal scan.
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Figure 4.9. Comparison of position offset of rapid-scan spectrum (from mean position)
between RCD1 and RCD2 for a deoxygenated LiPc sample at 3 different sweepwidths.
2-D rapid-scan data were collected with 3430 G center field, 30 kHz scan frequency, and
(A) ~10 G scan width (scan rate ~1 MG/s), (B) ~33 G scan width (scan rate ~3 MG/s),
(C) 55 G scan width (scan rate ~1 MG/s). Spectra were collected consecutively. For each
individual spectrum, a single scan was collected with resonator Q~200 and 33dB power.
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Table 4.1. Comparison of standard deviation of position of resonance of LiPc at
several different settings of sweep width. Standard deviations in time were multiplied
by the rate to get a standard deviation in gauss.
Sweep Width (Gauss)

RCD1-stdev (mG)

RCD2-stdev (mG)

10 (AFC ON)

17

11

33 (AFC ON)

20

33

33 (AFC OFF)

17

30

55 (AFC ON)

18

66

55 (AFC OFF)

23

67

There is more jitter in the signal position for the early model of RCD2 at higher
sweep widths than RCD1. The apparent jitter of the resonance position could be due to
either horizontal time jitter, vertical amplitude jitter of the scan voltage, or both.
To distinguish between these two types of jitter, data were collected with (i)
resonance positioned at the center field and (ii) a center field offset (roughly 2/3 of the
half sweep width away from the center field).

For RCD1, the standard deviation

increased with offset, indicating that the jitter may be due to vertical amplitude jitter
(Figure 4.10 A–C). However, for RCD2, no dependence of the standard deviation with
offset was observed (Figure 4.11 A–C).

These comparisons showed that the jitter

observed for RCD2 is mainly due to horizontal time jitter. The standard deviations
measured are summarized in Table 4.2.
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Figure 4.10. Comparison of position offset of rapid-scan spectrum (from mean position)
for (i) the line centered in the scan and (ii) offset by 2/3 of the amplitude of the half
sweep width for RCD1 with a deoxygenated LiPc sample at 3 different sweepwidths. 2D rapid-scan data were collected with 3430 G center field and offsets shown in individual
panels, 30 kHz scan frequency, and (A) ~55 G scan width (scan rate ~5.5 MG/s), (B) ~33
G scan width (scan rate ~3 MG/s), (C) 15 G scan width (scan rate ~1.5 MG/s). Spectra
were collected consecutively. For each spectrum, 1 scan was collected with resonator
Q~200 and 33dB power.
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Figure 4.11. Comparison of position offset of rapid-scan spectrum (from mean position)
for (i) the line centered in the scan and (ii) offset by 2/3 of the half amplitude of the
sweep width for RCD2 with a deoxygenated LiPc sample at 3 different sweepwidths. 2D rapid-scan data was collected with 3430 G center field and offsets shown in individual
panels, 30 kHz scan frequency, and (A) ~55 G scan width (scan rate ~5.5 MG/s), (B) ~33
G scan width (scan rate ~3 MG/s), (C) 10 G scan width (scan rate ~1 MG/s). Spectra
were collected consecutively. For each spectrum, 1 scan was collected with resonator
Q~200 and 33dB power.
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Table 4.2. Comparison of standard deviation of position of resonance of LiPc for RCD1
and RCD2 with (i) resonance centered or (ii) offset by 2/3 of the scan amplitude (half of
the peak-to-peak amplitude). Standard deviations in time were multiplied by the rate to
get a standard deviation in gauss.
Sweep Width (Gauss)

RCD1-stdev (mG)

RCD2-stdev (mG)

15 (CF- 0.0 G offset)

18

17

15 (CF-5.0 G offset)

41

18

33 (CF- 0.0 G offset)

17

32

33 (CF- 10.0 G offset)

40

34

55 (CF- 0.0 G offset)

15

60

55 (CF- 20.0 G offset)
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More jitter is observed for RCD2 than RCD1 at larger sweep widths.

The

absolute time jitter for RCD1 actually decreases with increasing sweepwidth.

The

absolute time jitter for RCD2 stays fairly constant with increasing sweepwidth, so the
field standard deviation increases with rate. The jitter for RCD1 is dependent on the
center field offset, indicating that vertical amplitude jitter was observed. The jitter for
RCD2 is not dependent on the center field offset, which suggests that this jitter is due
primarily to horizontal time jitter.
Figure 4.12 shows the comparison between the sinusoidal waveform and a
simulated sine wave. The residuals between the current waveform and the simulated sine
wave were multiplied by 50. This figure shows that the current waveform is very nearly
sinusoidal. The total harmonic distortion, which is calculated by taking the ratio of the
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RMS (root mean square) of the residuals to the sine wave RMS value and multiplying by
100) is 0.6%. This very low distortion is attributed to the resonated type circuit that is
used in this design.

Figure 4.12. Comparison of current waveform (black) measured with Tektronix model
AM-503 current probe and simulated sine wave (blue dashed) with a scan frequency of
74.5 kHz and scan amplitude of 2.20 App (~26 Gpp). The red trace is the difference
between the current waveform and the simulated sinwave multiplied by 50.
Figure 4.13 is an example of a comparison between the derivative of a
deconvolved rapid-scan spectrum with a conventional CW EPR spectrum for an aqueous
15

N-PDT (4-oxo-2,2,6,6-tetra-perdeuteromethyl-piperidinyl-15N-oxyl-d16) sample.

The

good agreement of the deconvolved rapid-scan spectrum with the CW spectrum further
illustrates that the rapid magnetic field scan is nearly sinusoidal. Not only does the
linewidth match up very well with the CW, but also the positions of the
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13

C hyperfine

lines also match well. If the driving function had not been close to sinusoidal, a good
deconvolution would not have been obtained when a sinusoidal function was assumed.

Figure 4.13. Segments of spectra of the low-field nitrogen hyperfine line for degassed
0.2 mM 15N-PDT solution. (blue line) CW spectrum obtained with 45 G sweep width,
0.02 G modulation amplitude, 82 sec scan time, and 0.3 mW power. (red dashed line)
Pseudomodulated, deconvolved rapid-scan spectrum obtained with 9.15 G scan width,
and 29.7 kHz scan frequency (scan rate of ~0.85 MG/s). 1024 averages were collected in
~1 sec. with resonator Q~150 and 2 mW power (0.02 G B1).

4.4 Sinusoidal Background Removal
4.4.1. Introduction
In sinusoidal field-swept rapid-scan EPR, the rapidly-changing magnetic field
creates background signals mainly at the scan frequency [53]. A first approach to
removing this background was to record the off-resonance signal and subtract it from the
on-resonance signal. This method is problematic because it doubles the amount of time
to record the signal, and it increases the random noise. Also, the background signal may
be field-dependent which would further increase the noise following a background
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subtraction. Dr. Mark Tseitlin in the Eaton lab developed a novel background removal
procedure for sinusoidal rapid-scan experiments that does not require an off-resonance
spectrum. This method assumes that the background is sinusoidal, which appears to be
consistent with experiments. My contribution to this work was to test the background
removal procedure in MATLAB to determine if any improvement could be made.
For a complete discussion on the theory behind the software used to remove the
sinusoidal background, please see the recent paper [53] on the subject.
4.4.2. Methods
Sample Preparation. Xanthine oxidase, hypoxanthine, superoxide dismutase (SOD),
horse heart ferricytchrome c, and diethylenetriaminepentaacetic acid (DTPA) were
purchased from Sigma-Aldrich (St. Louis, MO). Dr. Gerald Rosen at the University of
Maryland generously supplied the spin trap, 5-tert-butoxycarbonyl-5-methyl-1-pyrroline
N-oxide (BMPO) [54]. Solutions were made in a 50 mM sodium phosphate solution
(with 1 mM DTPA added), buffered to a pH~7.4. Superoxide was generated by a 2 µM
hypoxanthine/ 0.04 units/mL xanthine oxidase solution (O2·– production rate of ~2 µM/
min measured SOD-inhibited reduction of ferricytochrome C). The BMPO (50 mM)
formed an adduct with the superoxide that was detected with EPR.
Spectroscopy. Rapid-scans at X-band were obtained on a Bruker E500T transient
spectrometer using a dielectric resonator. The scan parameters for spin-trapped
superoxide were Hm = 55 G and Fm= 50645 Hz.
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4.4.3. Results and Discussion
The background subtraction procedure to rapid-scan data for spin-trapped
superoxide (BMPO-OOH) was applied at X-band for a case where the background is
large compared with a relatively weak EPR signal (Figure 4.14). The real and imaginary
components of the signal, after subtraction of the calculated complex background signal,
are shown in Figure 4.14d.

Figure 4.14. Application of background subtraction procedure to spectra of BMPOOOH. The signals in the two channels are shown in blue and green. a) Experimental data
for a full cycle of sinusoidal scan overlaid on the magnetic field scan waveform (black).
b) Up-field scan c) Down-field scan. For both the up and down scans, the fitted
background (solid red) was extrapolated into the half-cycle that includes the EPR signal
(dashed red). d) Results after background subtraction.
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This background removal procedure assumes that the background is primarily the
first harmonic, and partially second harmonic of the scan frequency. The procedure is
based on the notion that you can separate the up and down scans in the frequency domain
and return back to the time domain with 2 signals (Figure 4.14 B&C). Once in the time
domain, you have two signals each with a separate background to make fitting of the
background easier. Once the background has been fit and the two halves are recombined,
it is subtracted from the signal.
For a sharp signal like BMPO-OOH it might be argued that the sinusoidal
background could be defined even in the presence of the signal. However, EPR imaging
is an important application of rapid-scan EPR. For imaging experiments, the signal is
often substantially broadened and difficult to distinguish from background.
This background removal procedure has been used for a variety of samples for
which data are shown in the remainder of the dissertation. When applying this method,
it is important to distinguish between the up and down scan (the field direction), which
can be determined by changing the center field and observing the direction of the shift of
the line. This background correction also corrects for non-orthogonality of the detection
system.
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Chapter 5: Relaxation information extracted from magnetically
concentrated samples with rapid-scan EPR.
5.1 Introduction
Magnetically concentrated samples: BDPA (α,γ-bisdiphenylene-β-phenylallyl),
LiPc (Lithium phthalocyanine), and DPPH (2,2-diphenyl-1-picrylhydrazyl) (Scheme 5.1)
are useful to test rapid-scans because they have narrow and approximately Lorentzian
lines. These samples have T2 relaxation times around 100 ns. Because these samples are
point-like particles, the T2 were measured using echo decay with a gradient applied
(using an iron Allen wrench in the field) to suppress the FID. BDPA in air was measured
to have a bulk relaxation time of 130 ns while LiPc has a T2~80 ns, and DPPH a T2~100
ns. The EPR lines for these samples are narrow because of the exchange narrowing
phenomenon [55]. An interchange of spin state between two electron spins does not alter
the total magnetic moment of the sample, but exchange interaction allows an electron of a
definite spin to jump rapidly from one molecule to another [56]. This has the effect of
averaging out electron dipole-dipole interactions that would otherwise yield a broad
spectral line.

These samples were studied by rapid-scan EPR to determine how well the

spin-spin relaxation time could be extracted from the data.
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Scheme 5.1. Structures of BDPA (α,γ-bisdiphenylene-β-phenylallyl), LiPc (Lithium
phthalocyanine), and DPPH (2,2-diphenyl-1-picrylhydrazyl).

5.2 LiPc
5.2.1. Introduction
LiPc is a nitrogen-centered radical that was developed initially by Turek’s group
[57] and has been used as a probe for EPR oximetry experiments [58]. LiPc is often used
as a standard in the Eaton lab. LiPc is a strong sample that has an almost perfectly
Lorentzian lineshape that is fairly narrow in air.

These characteristics make it an

appealing sample for testing method development and has been used extensively in
developing rapid-scan EPR and imaging [39]. In the previous chapter, LiPc was used to
characterize jitter in the resonated coil driver.
5.2.2. Methods
Sample Preparation.

LiPc was prepared electrochemically following the

literature procedures [57] and was generously provided by Prof. Swartz, Dartmouth
University. Needle-like crystals of LiPc were selected for the measurements.
EPR Spectroscopy. Rapid-scan and CW signals were recorded on a Bruker E500T
transient X-band spectrometer. The microwave bridge has a 200 MHz bandwidth video
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amplifier. Signal acquisition was via a SpecJet II digitizer. A critically-coupled Bruker
ER4118X-MD4 pulse ENDOR resonator was rotated such that the field resulting from
the ENDOR coils was parallel to the B0 magnetic field. Resonator Q was measured using
pulse ring down with a locally-designed addition to the bridge [28] and with an HP
8719D network analyzer (as described in section 4.1). To avoid excess heating of the
ENDOR coils, the sine wave for the magnetic field scans was generated with a Tektronix
AWG2021 arbitrary waveform generator, operating in burst mode. The duty cycle was
about 1%. The center field was selected to be close to resonance.
5.2.3. Results and Discussion
Because LiPc has a nearly Lorentzian line, the spin-spin relaxation time was
estimated from the linewidth to be about 80 ns. Figure 5.1 shows the comparison
between the experimentally obtained and simulated rapid-scan spectrum for this sample.
Simulation of this spectrum gave a T2 of 82 ns, which is in good agreement with the
value extracted from the CW spectrum.
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Figure 5.1. Comparison of simulated and experimental rapid-scan of LiPc. (Blue) 22
MG/s rapid-scan spectrum of LiPc. Q~200, 500 kHz scan frequency, 14 G scan width,
and 0.2 mW power. (Pink Dashed) Simulation of rapid-scan spectrum, which gave a spinspin relaxation time of 82 ns.
The LiPc sample demonstrated that determination of T2 by simulation of rapidscan spectra is possible. While LiPc is a straightforward case because of very small
inhomogeneous broadening, this concept can be applied to more complex samples to
determine the spin-spin relaxation time.

5.3 BDPA
5.3.1. Introduction
Measurement of the relaxation times for BDPA was attempted with rapid-scan
EPR. However, BDPA turned out to be much more complicated than its Lorentzian line
suggested. The work with BDPA was summarized in the 2011 paper [51].
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The stable organic radical BDPA (α,γ-bisdiphenylene-β-phenylallyl) was first
synthesized in 1957 [59], and has since been widely used in EPR.

Because of its intense

EPR signal, magnetically-concentrated solid BDPA was previously used in the
development of novel methods to study unpaired electrons [60-63]. BDPA is also widely
used in dynamic nuclear polarization NMR studies [64, 65].
BDPA was initially chosen to study X-band rapid-scan EPR because it has an
intense narrow EPR signal. Also, BDPA had a homogeneously broadened line so it was
assumed that the T2 could be measured directly from the CW lineshape (Equation 2.3).
Through rapid-scan EPR experiments, the crystalline BDPA:benzene complex was
shown to be heterogeneous, and should therefore be used with caution as a standard
sample.
5.3.2. Methods
Samples. The 1:1 BDPA:benzene complex was purchased from Sigma Aldrich
(batch #00226KM). Two bottles were purchased from Sigma Aldrich and they both had
the same batch number. Small particles of BDPA were selected and placed in 0.8 mm i.d
pyrex capillaries, which were supported in 4 mm o.d. quartz EPR tubes. Most
experiments were performed with air-saturated samples. For rapid-scan experiments,
~0.1 mL of a 3:1 (by weight) ethanol-water mixture was placed in the annulus
surrounding the capillary containing the BDPA sample, to lower resonator Q to about
200.

If resonator Q is not sufficiently low, the limited resonator bandwidth may

dominate the damping of the rapid-scan oscillations.
Oxygen and benzene were removed from selected BDPA samples to determine
the impact on the CW linewidth and on electron spin-spin relaxation times. To remove
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oxygen, samples were evacuated for about 5 hours, without heating. To remove benzene
[66], samples were evacuated while heating at 90oC for about 7 hours. To characterize
BDPA with reduced benzene content in the presence of air, air was reintroduced after the
evacuated samples had cooled.
UV-Vis Experiments. UV-Vis experiments were performed to determine if
variations in T2 were due to impurities in the samples. T2 was determined from CW
lineshapes for 386 individual small BDPA particles. The distribution of T2 is shown in
Figure 5.2. The range of linewidths from these samples is shown in Figure 5.3. The
particles were sorted, based on T2, into separate containers. 1.0 mg of BDPA from
containers with T2 in four ranges (102–107 ns, 112–117 ns, 122–125 ns, 137–142 ns) was
dissolved in chloroform to make four solutions with 30 µM concentrations. UV-Vis
spectra were collected on a Varian Cary 100 Bio UV-Vis spectrometer with a wavelength
range of 200–900 nm.
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Figure 5.2. Distribution of T2 for 386 BDPA particles, measured individually by CW
linewidth on an EMX spectrometer.
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Figure 5.3. CW EPR for several selected BDPA particles, measured individually on an
EMX spectrometer. 10.0 G sweep width, 0.08 G modulation amplitude, 30 KHz
modulation frequency.
SEM Spectroscopy. To determine if particles with different T2 had different
physical characteristics, scanning electron microscope (SEM) images of selected BDPA
particles were collected. Particles were placed in silver paint and SEM images were
collected on a JEOL JSM-IC848a microscope with the help of Azure Avery from the
Department of Physics and Astronomy at the University of Denver.
NMR Spectroscopy. NMR experiments were performed to determine if variations
in T2 were due to differences in benzene concentration in the samples. NMR experiments
were performed on an Avance III 500 MHz Bruker spectrometer. Several sets of BDPA
particles (sorted by T2 or linewidth) were collected so that about 1.0 mg of BDPA
dissolved in 0.5 mL of CDCl3 was used for each measurement. Assuming the same
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amount of CHCl3 in all the CDCl3, the integrals of the CHCl3 and benzene peaks were
compared as a function of the electron spin relaxation time.
EPR Spectroscopy. Rapid-scan signals were recorded on a Bruker E500T
transient X-band spectrometer the same as described as in section 5.1 and the Bruker
ENDOR resonator (section 5.2.2). The microwave bridge has a 200 MHz bandwidth
video amplifier. Signal acquisition was via a SpecJet II digitizer.
For the BDPA experiments, sinusoidal scan frequencies ranged from 300 kHz to
1.5 MHz and scan widths varied from 17 to 60 G, which corresponds to rates at the center
of the scan of 16 to 280 MG/s. The ENDOR coils can be used to generate sweep widths
up to 70 G peak-to peak at scan frequencies exceeding 5 MHz, which corresponds to scan
rates in excess of 1 GG/s. However, these rates are higher than are needed to characterize
T2 of BDPA and would have required significant decrease in resonator Q to record
spectra with sufficient signal bandwidth.
The slow-scan spectra were recovered from the rapid-scan signals using Fourier
deconvolution [43]. The first derivatives of the absorption signals recovered from the
rapid-scans were calculated using a function analogous to the pseudomodulation method
described by Hyde [67], and included a Butterworth filter to approximate the impact of
the spectrometer time constant.

Later, it was discovered that better signal (without an

oscillating distortion) was achieved by using a numerical differentiation combined with a
Butterworth filter rather than pseudomodulation.
To define the distribution of T2 shown in Figure 5.2, CW spectra of small BDPA
particles were collected on a Bruker EMX-plus X-band spectrometer at room temperature
with a sweep width of 10 G, modulation frequency of 100 kHz, and modulation
72

amplitude of 0.08 G (Figure 5.3). The 100 kHz modulation frequency was used for
convenience, although it caused some broadening of the narrowest lines. For the more
precise comparisons of lineshapes with deconvolved rapid-scan spectra, CW spectra were
obtained with a modulation frequency of 30 kHz.
Simulations. CW spectra were simulated with a Lorentzian lineshape using the
shareware package Easyspin [68]. T2 was calculated using Equation 1.5, which is valid
only for unsaturated spectra with a Lorentzian lineshape that is relaxation determined.
The simulations of the CW spectra are sensitive to T2, with an uncertainty of about 2–3%.
The uncertainty is based on the range of linewidths that appear to give similar agreement
with the experimental data.
Simulations of the rapid-scan signals were performed by numerical integration of
the Bloch equations [42] using a program written in MATLAB. The input parameters are
magnetic field scan width, scan frequency, resonator Q, offset of the center of the scan
from the resonant magnetic field, and T2 relaxation time. For these simulations, all
parameters were known except T2, which was adjusted to fit the spectra. The uncertainty
in T2, about ±5%, was calculated from the confidence level of replicate measurements,
converted to a percent.

Factors that contribute to the uncertainty are variations in

background, and uncertainty in the value of resonator Q. Uncertainties are greater for
samples with weaker signals. T2 obtained by simulation of the rapid-scan spectra was
compared to T2 calculated from the CW linewidths. Agreement between the results of
the two methods indicates that systematic sources of error were minimized.
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5.3.3. Results
EPR Spectra of BDPA. Although commercial BDPA is a crystalline solid, the
particles do not appear to be single crystals, and there is a wide range of morphology.
Therefore in the following discussion the designation ‘particle’ is used instead of
‘crystal’. Rapid-scan experiments using multiple particles resulted in spectra that could
not be simulated with a single T2. Therefore attention was focused on individual particles
and characterization of the differences among particles.
Sinusoidal rapid-scans of a BDPA particle at scan rates in the center of the scan of
18 to 60 MG/s are shown in Figure 5.4. The absorption signals are recorded by direct
detection. As the scan rate increases, the signal broadens, the amplitude of the oscillations
increases, and the number of oscillations increases [38]. The spacing between the peaks
in the oscillation decreases as the magnetic field is scanned above or below resonance.
The time constant for the damping is T2 (because T2~T2*), which was determined by
simulation.
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Figure 5.4. Rapid-scan spectra of a BDPA particle with T2 = 88  3 ns, obtained with
constant 19 G scan width, and different scan frequencies. 10240 averages were collected
with resonator Q~200 and 0.2 mW power. a. 300 kHz scan frequency (18 MG/s),
recorded in ~30 sec. b. 500 kHz scan frequency (30. MG/s), recorded in ~20 sec. c. 700
kHz scan frequency (42 MG/s), recorded in ~15 sec. d. 1 MHz scan frequency (60
MG/s), recorded in ~10 seconds.

Rapid-scan spectra for BDPA particles 1–3, which have different T2, recorded at a
rate in the center of the scan of 16.25 MG/s are shown in Figure 5.5a. The shorter the T2,
the more quickly the oscillation decays. The effects of the sinusoidal rapid-scan on the
EPR signals in Figure 5.5a can be deconvolved to recover the slow scan lineshapes, as
shown in Figure 5.5b. The slow scan lineshapes obtained by deconvolution and
conversion to the first-derivative display are in excellent agreement with traditionally
recorded CW spectra obtained with 30 kHz modulation frequency. The use of 100 kHz
modulation frequency for the CW spectra of BDPA causes small, but significant,
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broadening, which became evident when the values of T2 obtained by rapid-scan and CW
lineshapes were compared. T2 determined from rapid-scan and CW spectra for the three
samples for which data are shown in Figure 5.4 are compared in Table 5.1.

Figure 5.5. a. Rapid-scan EPR (black line) of BDPA particles 1 – 3 (with T2 = 85, 110,
and 141 ns, respectively) and simulations (red dashed line). Spectra were collected with
resonator Q~200, 300 kHz scan frequency, 17.2 G scan width, scan rate 16.25 MG/s, 0.2
mW power and 10240 (samples 1 and 3) or 20480 scans (sample 2). b. Comparison of
CW spectra (black line) with first derivative spectra obtained by pseudomodulation from
the deconvolved rapid-scan spectra (red line). CW spectra were collected with 30 kHz
modulation frequency, 0.08 G modulation amplitude, and 0.02 mW power. For sample 1,
4 averages were recorded in about 5.5 min. For samples 2 and 3 a single scan was
recorded in 86 s.
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Table 5.1. T2 (ns) for three BDPA particles for which spectra are shown in Fig. 5.5

a
b

Sample

T2 from rapid-scan EPRa

T2 from CW EPRb

1

85

92

2

110

103

3

141

130

Average uncertainty, calculated for replicates rapid-scan measurements, was ± 5%.
Average uncertainty, calculated for replicate CW measurements, was ± 2%.
Effect of oxygen and benzene on relaxation times for BDPA particles.

CW

spectra were recorded for four BDPA samples that had been evacuated to remove oxygen
and subsequently heated in vacuum to remove benzene. The samples were selected to
have different initial linewidths in air. Table 5.2 shows the changes in the CW linewidths
that were observed. Line 4 in Table 5.2 is the line width after air was allowed back in
the sample after removal of benzene (by heating and evacuating). Removal of oxygen
caused the largest decrease in linewidth for particle 4, which had the broadest initial
linewidth.

For particle 4, heating under vacuum to remove benzene caused little

additional change in linewidth. For the other particles heating under vacuum resulted in
distributions of linewidths and formation of components with substantially broadened
lines. For all of the heated particles, exposure to air caused substantial broadening of the
lines. The changes in lineshape from heating in vacuum were not reversible.
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Table 5.2. Effect of oxygen and benzene on the linewidths (G) for four BDPA samples.
Particle

4

5

6

7

Original in air

0.68

0.53

0.49

0.42

Evacuatedb

0.35

0.36

0.40

0.42

No benzene or O2

0.38

0.28–1.5b

0.36 –1.4b

0.5–1.2
b

No benzene, w/ Air

0.7–1.9b

1.8

1.6

1.5

a

Evacuated for 4 hours at ambient temperature to remove O2.
These linewidths could not be fit with single Lorentzians, but appeared to be
superpositions of multiple Lorentzians with widths in the tabulated range.
b

UV-Vis of BDPA in CHCl3 and SEM images. UV-Vis spectra were recorded for
BDPA particles with different ranges of T2 (102–107 ns, 112–117 ns, 122–127 ns, 137–
142 ns) dissolved in CHCl3 (Figure 5.6). Each sample had max = 488 nm and a weaker
absorbance at  = 874 nm, which is in good agreement with the literature [64], and there
was no evidence of peaks characteristic of the diamagnetic carbanion precursor.
The SEM images of two different BDPA particles (T2 ~ 96 ns and T2 ~ 152 ns) are
shown in Figure 5.7–5.12.

The SEM images show that BDPA particles have many

different crystal morphologies.
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Figure 5.6. UV-Vis absorption spectrum in CHCl3 solution of BDPA particles with T2 in
the range of 122 – 127 ns. λmax =488 nm.

Figure 5.7. SEM Image of BDPA particle with T2=96 ns, with 85x magnetization
.
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Figure 5.8. SEM Image of BDPA particle with T2=96 ns (same particle as in 5.7), with
2500x magnetization.

Figure 5.9. SEM Image of BDPA particle with T2=96 ns (same particle as in 5.7 and
5.8), with 3500x magnetization.
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Figure 5.10. SEM Image of BDPA particle with T2=152 ns, with 190x magnetization.

Figure 5.11. SEM Image of BDPA particle with T2=152 ns (same particle as in 5.10),
with 1200x magnetization.
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Figure 5.12. SEM Image of BDPA particle with T2=152 ns (same particle as in 5.10 and
5.11), with 2000x magnetization.
NMR of BDPA in CDCl3. Figure 5.13 shows the ratio of the integral of the
benzene peak to the CDCl3 peak. When compared to the CDCl3 peak, the benzene
increased as the T2 increased. This suggests that an increased concentration of benzene
was present in samples with longer relaxation times.

The higher concentration of

benzene may contribute to the exchange interactions among the concentrated BDPA. All
NMR measurements were made with the same amount of CDCl3 from the same bottle.
However, this study was not a quantitative measure of the concentration of benzene
present in the BDPA samples.
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Figure 5.13. Ratio of the integrals of CDCl3: benzene peaks as a function of T2 of
BDPA. Several sets of BDPA particles were collected so that about 1.0 mg of BDPA
was dissolved in 0.5 mL of CDCl3.
5.3.4. Comparison of information obtained by CW and rapid-scan EPR for BDPA
Determining T2 of BDPA through simulations of CW and rapid-scan. The
exchange-narrowed lineshape for solid 1:1 BDPA:benzene in the presence or absence of
air (O2) is Lorentzian, so T2 can be calculated from the CW linewidth. Simulations with a
Lorentzian lineshape were in reasonable agreement with experimental spectra of samples
consisting of multiple particles.

However, rapid-scan experiments using multiple

particles resulted in spectra that could not be simulated with a single T 2. This result
indicated that the spectrum of the bulk BDPA sample could not be represented by a
single spin packet linewidth, and was actually a superposition of spin packets with a
distribution of linewidths. From these simulations, rapid-scan EPR provided information
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about BDPA that was less evident in the CW experiments.

Although it might be

expected that electron spin echo experiments would be helpful in determining T2, the
homogeneous broadening of the lines precluded echo formation because it was not
practical to create an inhomogeneous field over the small particle. Common techniques
of creating a gradient across a sample to facilitate echo formation were unsuccessful
because of the small sizes of the particles.
Figure 5.5a illustrates that rapid-scan EPR spectra are sensitive to the T2 of a
sample.

The T2 required to simulate the rapid-scan spectra for individual particles

matched well with T2 determined from the linewidth of the CW spectrum obtained with
30 kHz modulation frequency (Table 5.1). The rapid-scan spectra also were deconvolved
to obtain the slow scan spectra. The first derivative of the deconvolved rapid-scan
spectra for particles 1, 2, and 3 agreed well with the conventionally-recorded CW spectra
(Figure 5.5b).
Heterogeneity of BDPA. Individual BDPA particles have T2 relaxation times
ranging from 80–160 ns (Figure 5.2–5.3). The distribution in T2 does not appear to be
Gaussian so it is attributed to variations in physical properties. At X-band there does not
appear to be a distribution in g values. Rotation of a particle with a goniometer through
180o found linewidth variation only between 0.49 and 0.44 G. This small orientation
dependence indicates that the distribution of linewidths implied by the relaxation times in
Figure 5.2 is not a result of different orientations of the particles in the magnetic field.
Data in Table 5.2 show that BDPA particles with a variety of T2 are affected differently
by the removal of oxygen as well as removal of both benzene and oxygen. BDPA
particles with shorter T2 are more sensitive to the removal of oxygen. These differences
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may be due to morphology and/or benzene concentration. For the oximetric probe lithium
phthalocyanine (LiPc) (section 5.1) there is a correlation between sensitivity to oxygen
and crystal morphology [69]. SEM images (Figures 5.7–5.12) indicate that the BDPA
particles have many different crystal morphologies. However, there does not appear to
be a correlation between the shape of the particle and the T2 for the particle.

It is

difficult to draw any conclusions from SEM images of the particles other than that the
particles have multiple morphologies within a single particle.
It is important to note that evacuation of BDPA with or without heating to remove
benzene was not a reversible process, for these particles. After removal of benzene and
exposure to air, the lines for all samples are broader and linewidths are more
heterogeneous than before evacuation. The irreversibility of evacuation indicates that
structural changes are occurring.
Conclusions. The commercial BDPA complex with benzene (1:1) has different
T2 for various particles, which was first evident from the rapid-scan spectra. The rapidscan spectroscopy gave insight into the spin-spin relaxation of BDPA that was not
obvious from CW and pulse EPR techniques alone. Heterogeneity in the g-value of
BDPA particles was not evident at X-band. The BDPA particles have differing T2 due to
differences in crystal morphology and/or the ratio of benzene:BDPA in the crystal, which
impact the effectiveness of spin exchange. BDPA is a stable organic radical that has an
intense signal, and is therefore appealing as a standard in EPR experiments and for use in
DNP (dynamic nuclear polarization). However, rapid-scan spectra and CW experiments
have demonstrated that the commercial 1:1 BDPA:benzene complex is a heterogenous
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sample. If BDPA is chosen as a standard during the development of a new method, the
heterogeneity of the material should be taken into account.

5.4 DPPH
5.4.1. Introduction
DPPH is a common standard in EPR spectroscopy [70]. DPPH is used as a field
calibration standard, a quantitative standard, as well as a sample for method development.
DPPH exists as the monoclinic as well as the triclinic crystal structure depending on the
solvent from which it is crystallized. It was previously shown in the literature that the
most intense and narrow line for DPPH was achieved when recrystallized from carbon
disulfide [71].
DPPH was also chosen as a sample to help develop rapid-scan EPR at X-band
because of its narrow, Lorentzian line when recrystallized from CS2. Effort was taken to
recrystalize DPPH to achieve the narrowest line possible. By recrystallizing commercial
DPPH from CS2 a change in linewidth from 2.0 G to 0.65 G was observed.
5.4.2. Methods
Spectroscopy. CW spectra were collected on a Varian E-9 spectrometer. Rapidscan data were collected on an E580. The microwave bridge has a 200 MHz bandwidth
video amplifier. Signal acquisition was via a SpecJet I digitizer. A critically-coupled
Bruker ER4118X-MD4 pulse ENDOR resonator was rotated such that the field resulting
from the ENDOR coils was parallel to the B0 magnetic field (section 5.2.2). Resonator Q
was measured using pulse ring down. To avoid excess heating of the ENDOR coils, the
sine wave for the magnetic field scans was generated with a Tektronix AWG2021
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arbitrary waveform generator, operating in burst mode. The duty cycle was about 1%.
The center field was selected to be close to resonance. The scan rate at the center of a
sinusoidal scan, which is used to describe spectra, is given by Equation 3.6.
Sample Preparation. Several different recrystallization techniques were tried to
achieve the narrowest line for DPPH. DPPH was recrystallized twice to obtain narrow
linewidths (Figure 5.15). About 100 mG of DPPH was dissolved in a minimum amount
(~5 mL) of CS2. Crystals were allowed to form by slow evaporation of solvent on the
benchtop (no ice) to achieve more needle-like crystals. The first recrystallization was
relatively fast (5-10 minutes for crystals to appear) while the second recrystallization took
closer to an hour for crystals to come out of solution. In earlier attempts, ice or even dry
ice was used to recrystallize the DPPH which gave a less crystalline form of DPPH and a
broader line.
After recrystallization, samples were either purged with nitrogen (Figure 5.15) or
evacuated for 24–48 hours (Figure 5.16).
5.4.3. Results and Discussion
Initially, the CW spectrum of commercial DPPH was recorded (see Figure 5.14).
The commercial DPPH was a powdery sample that had a ΔBpp~2.0 G.

The best

recrystallization technique was to simply allow long crystals to grow in CS 2 on the
benchtop. Purging with nitrogen (Figure 5.15) after recrystallization gave a narrower
lineshape that exhibited g anisotropy, whereas simply evacuating the sample gave a
narrower signal with no evident g anisotropy (Figure 5.16).
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Figure 5.14. CW spectrum of commercial DPPH straight from the bottle in air.
ΔBpp~2.0 G. Center field: 3291.0 G, freq: 9.2311 GHz, microwave power: 0.2 mW, 0.1 G
modulation amplitude, 100 kHz modulation frequency.
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Figure 5.15. (Blue) CW spectrum of DPPH following recrystallization from CS2 and
purging with nitrogen. (Magenta dashed) Simulation using monmer program with
linewidth of 0.9 G with g anisotropy. g~2.004 and g││~2.0029.
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Figure 5.16. (Blue) CW spectrum of DPPH following recrystallization from CS2 and
evacuation. (Magenta dashed) Simulation using EPR2 with a Lorentzian line and a
linewidth of 0.65 G.

Rapid-scan was attempted on the recrystallized sample that yielded a very narrow
line (0.65 G), (Figure 5.17). This was done in the initial stages of the experiments with
the ENDOR resonator, when the sweep rate limits were being pushed and tested. The
scan rate of the spectrum in Figure 5.17 was very high, about 0.7 GG/s.

These

experiments were done to show the ability of the system to scan at such fast rates. The
experimental data were limited by the SpecJet I digitizer, which has a maximum
resolution of 4 ns.

The simulation is not in good agreement with the data for several

reasons. First, the spins did not have the opportunity to relax completely before scanning
back through resonance. Second, the digitized signal has poor time-axis resolution and is
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not a perfect representation of the signal response. Third, the resonator bandwidth was
most likely filtering out some of the higher-frequency components of this signal.
However, in spite of these limitations the best simulation of the rapid-scan spectrum used
a T2 that is consistent with the CW linewidth.

Figure 5.17. (Blue) Rapid-scan spectrum of DPPH following recrystallization and
evacuation, collected with 5 MHz scan frequency, 43 G scan width (resulting in a rate of
670 MG/s) and 2 mW microwave power. (Magenta dashed) Simulation using Bloch
Equations assuming a Lorentzian line with a T2 ~100 ns. This relaxation time agrees
with the linewidth (0.65 G).

5.5 Summary of rapid-scan of magnetically concentrated samples
BDPA, LiPc, and DPPH were helpful choices when initially developing rapid-scan at
X-band. All of these samples are magnetically concentrated, resulting in strong signals
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and narrow linewidths due to spin-spin exchange. LiPc was the most straightforward of
the three samples. LiPc has an almost perfectly Lorentzian line with a T2 of 80 ns. When
LiPc is evacuated, it has a much longer T2 (2.5 s) and therefore narrower line [38].
With LiPc it was shown that rapid-scan spectra can be simulated to determine the spinspin relaxation time.

LiPc was also used to test deconvolution procedures and to

troubleshoot spectrometers.
BDPA was a more complicated story than LiPc. The CW spectra of bulk BDPA
could be simulated with a Lorentzian lineshape, suggesting that the linewidth was
relaxation determined. However, rapid-scan experiments with bulk BDPA resulted in
spectra that could not be simulated with a single T2. This result indicated that the BDPA
sample could not be represented by a single spin packet linewidth, and actually had a
distribution of spin packet linewidths. From these simulations, rapid-scan EPR provided
information about BDPA that was less evident in the CW experiments. BDPA showed
that rapid-scan experiments can give insight into the relaxation of a sample that might not
otherwise be evident with conventional CW EPR.
A crystal of DPPH that yielded a narrow Lorentzian linewidth can be obtained
through recrystallization with CS2. Further rapid-scan experiments with DPPH should be
performed to gain further information about the relaxation of this sample. Specifically,
rapid-scan spectra should be collected at a slower rate than shown in Figure 5.17, which
would be more reasonable with the resonator bandwidth available.
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Chapter 6: S/N comparison between rapid-scan and other EPR
methods.
6.1 Materials samples with long relaxation times
6.1.1. Introduction.
One of the most exciting applications of rapid-scan EPR is to samples with long
relaxation times. Our 2013 paper [72] summarizes the comparison between rapid-scan
and CW for three of the samples (N@C60, amorphous hydrogenated silicon (a-Si:H), and
neutral single substitutional nitrogen centers (NS0) in diamond) presented in this section.
In 2011, we published a paper summarizing the comparison between rapid-scan and EPR
methods for an irradiated quartz sample [73].
This section is focused on defect centers in solids, but the application of rapidscan EPR to an OX63 (methyl tris(8-carboxy-2,2,6,6-tetra(hydroxyethyl)-benzo[1,2d:4,5-d’]bis(1,3)-dithiol-4-yl)-tripotassium salt) trityl sample will also be presented. The
name “trityl” is given to paramagnetic compounds where the unpaired electron is
primarily located on a tertiary carbon. Scheme 6.1 shows the structure of OX63.
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Scheme 6.1. Structure of methyl tris(8-carboxy-2,2,6,6-tetra(hydroxyethyl)-benzo[1,2d:4,5-d’]bis(1,3)-dithiol-4-yl)-tripotassium salt, also known as OX63.
Paramagnetic defect centers in solids that are important for many applications
ranging from electronic devices[74, 75] to quantum computing [76-79] often are present
in low concentrations and have long relaxation times, which makes characterization by
electron paramagnetic resonance (EPR) challenging. For most magnetically dilute
samples, as temperature is decreased below ambient, electron spin lattice relaxation times
increase proportional to T -n where n > 2 [20]. If temperature is decreased to increase the
Boltzmann factor and thereby increase signal intensity, the increase in relaxation times
often makes it more difficult to record unsaturated spectra that are free of passage effects,
which negates the potential gains from increased Boltzmann factors. To enhance
sensitivity for samples with long relaxation times, rapid-scan EPR can be used to collect
EPR spectra.
In this section, S/N for spectra obtained by rapid-scan are compared with
continuous wave (CW), field-swept echo detected, and Fourier Transform (FT) EPR with
parameters selected to give less than 2% lineshape broadening. Five samples will be
presented: amorphous hydrogenated silicon (a-Si:H) [80], 40 µM OX63, N@C60 [81], E'
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defects in irradiated quartz, and neutral single substitutional nitrogen centers (NS0) in
diamond [82]. In each sample the spin concentration is relatively low and the relaxation
times at ambient temperature at X-band range from 3 to 2300 µs. For these samples we
demonstrate that in the same data acquisition time, rapid-scan gives dramatically better
S/N than CW or field-swept echo-detected EPR. Rapid-scan S/N also is better than FT
EPR for N@C60 and comparable to FT EPR for NS0, without the need for the high source
power that is required for pulse EPR. FTEPR could not be performed for a-Si:H because
of the short T2*. Further experiments should be performed to collect FTEPR for OX63
and the E' defects in irradiated quartz.
6.1.2. EPR Spectroscopy
The EPR spectra discussed in this section are collected on four different
spectrometers.

The CW spectra for all samples except the diamond sample

were

collected on a Bruker EMX-plus spectrometer. For the diamond sample, the CW spectra
were collected on a EMX that had the ability to attenuate the power by 90 dB. Fieldswept-echo spectra were collected on our locally built pulse spectrometer [83] . The
FTEPR data were collected on the Bruker E580 spectrometer. All rapid-scan signals in
this section were recorded on the Bruker E500T, which has a SpecJetII fast digitizer. A
critically-coupled Bruker FlexLine ER4118X–MD5 dielectric resonator was used to
minimize eddy currents induced by the rapidly-changing magnetic fields. The resonator
Q was measured for each sample by pulse ring-down using a locally-designed addition to
the bridge [28].
Power saturation curves were collected for all samples in this section by
collecting CW and rapid-scan signals at a variety of powers (see section 2.4 for a
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discussion on power saturation curves). Power saturation curves help determine signal
enhancement with rapid-scan EPR relative to conventional CW and are needed to select
powers that do not distort the signal.
6.1.3. Samples
Amorphous Hydrogenated Silicon. Undoped a-Si:H was deposited by standard
plasma enhanced chemical vapor deposition (PECVD) according to a protocol used for
thin film solar cell production [80, 84] provided by Alexander Schnegg at the Hemholtz
institute in Berlin, Germany. The sample was 7.3 mg of fine powder contained within a 4
mm o.d. quartz tube. The number of spins in the sample was (8.5±1.0)x1013. The
paramagnetic states in a-Si:H are three-coordinated silicon atoms usually referred to as
dangling bonds (db).
N@C60. A 0.2% N@C60 in solid C60 sample was prepared by literature methods
[85], and provided by Prof Aharon Blank, Technion, Israel. The solid was in a 0.8 mm
capillary tube, supported in a 4 mm OD quartz tube.
Irradiated Quartz. The sample was a 2 mm diameter by 10 mm long rod of fused
quartz (SiO2) that had been irradiated to 240 kGy (24 MRad) with
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Co  rays. This

sample is from the same batch as described in [86], which have spin concentrations of 57x1017 spins/cm3. Pulsed EPR of this sample yields an electron spin echo that is so
strong that it fills the digitizer on a modern spectrometer with an essentially noise-free
signal [86]. A weaker sample with about 30 times lower spin concentration has been
prepared for signal-to-noise (S/N) quality control on modern pulsed EPR spectrometers
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[87]. The Q was reduced to about 300 by putting water around the sample in a 4 mm OD
quartz tube.
NS0 Defect in Diamond. A diamond sample with 20 ppb NS0 defects, grown by
Chemical Vapor Deposition (CVD) [88], was purchased from Element Six Ltd (U. K.).
The production and characterization of high purity single crystal CVD diamonds has been
discussed [89]. The sample had dimensions of 4 x 4 x 2 mm and was wedged in a 4 mm
OD Teflon tube. NS0 is one of the most common defects in synthetic diamond grown by
either High Temperature High Pressure synthesis or CVD. This sample was provided by
Prof. Mark Newton at the University of Warwick. There is a lattice distortion associated
with NS0 due to the occupation of an N-C anti-bonding orbital by the extra electron
(compared to carbon) of nitrogen. The unique N-C bond is about 25–30% longer than the
normal C-C bond and the donor level is very deep (EA = 1.7 eV). Much is known of the
interaction of vacancies with nitrogen impurities. Charge transfer from the NS0 deep
donor produces V−: V0 + NS0  V− + NS+. Upon annealing above 900 K the stationary
NS0 readily traps mobile vacancies to produce nitrogen vacancy (pair) complexes: V0 +
NS0  (NS-V)0 and (NS-V)0 + NS0  (NS-V)−. (NS-V)− is one of the most intensively
colored centers. It has a zero phonon line at 1.945 eV and the photoluminescence
intensity is strongly modulated depending on whether the system is in the mS = ±1 or mS
= 0 ground electron spin state, facilitating optically detected magnetic resonance on
single defects at room temperature. It has recently been shown that (NS-V)− can be grown
into CVD diamond as a unit [79] as well as being produced as described above.
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OX63 trityl sample. A 0.2 mM aqueous OX63 sample was obtained from Josh
Biller, University of Denver.

The radical was provided by Prof. Howard Halpern,

University of Chicago. 200 μL of the 0.2 mM OX63 sample was mixed with 800 μL
ethanol to reach a final concentration of 40 μM. The solution was transferred into a 4
mm quartz EPR tube until it reached a height of 4 mm. The sample was degassed in an
analogous fashion to the nitroxyl radical solutions in section 6.2 by performing four
freeze-pump-thaw cycles and then the tubes were flame sealed.
6.1.4. Results
Relaxation Times. The electron spin relaxation times are summarized in Table 6.1.
The values of T1 range from 11 µs for a-Si:H to 2300 µs for 20 ppb NS0 in diamond.
Values of T2 are from 2.8 µs for N@C60 to 230 µs for NS0 in diamond. For N@C60 the
values of T1 are shorter for the mI = ±1 lines than for mI = 0, but there is little mI
dependence of T2 (Table 6.2). These values are orders of magnitude longer than for
typical organic radicals in fluid solution at ambient temperature [20].
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Table 6.1. Electron relaxation times, line widths, and microwave B1 for CW and rapidscan for paramagnetic centers in materials.
Sample
T1 (µs)a T2 (µs)a ΔBpp (G)a B1 for
B1 for
Rapid-scan
b
b
CW
rapid-scan
rate (MG/s)
(mG)
(mG)
a-Si:H
11
3.3
6
35
200
3.9
40 µM OX63

14

5

0.16

~12

96

0.6

N@C60

120 –
160
200

2.8

0.25

6

53

1.5

E' in
20
~1c
17
220
irradiated
fused quartz
NS0 in
2300
230
0.045
0.03
5.8
d
diamond
a
Uncertainties are about ±5% for relaxation times and ±2% for line widths
b
Selected to give less than 2% power broadening
c
Lineshape is anisotropic
d
Parameters are for nitrogen mI = 0 line.

4.7

0.14

Table 6.2. Relaxation Times for N@C60.a

a

LF (µs)

CF (µs)

HF (µs)

T1

118

161

117

T2

2. 9

2.4

2.8

Uncertainties are about ±5%
Power Saturation. Power saturation curves measured at the center of the spectra

for a-Si:H, OX63, N@C60, E' defects in irradiated quartz, and NS0 in diamond are shown
in Figures 6.1–6.5. For the rapid-scans the signal amplitude after deconvolution was
measured. To compare rapid-scan and CW spectra, the relative amplitudes were
normalized to be the same at low B1, in the linear response region.
For a-Si:H the dependence of signal amplitude on B1 deviates from linearity
above B1 ~35 mG for the CW spectra, whereas for rapid-scans at a rate of 3.9 MG/s
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deviation from linearity is above B1 ~200 mG (Figure 6.1). At B1 ~35 mG for CW and
~200 mG for rapid-scan the power broadening of the signal is about 2%.

Figure 6.1. Power saturation curves for the a-Si:H sample obtained by CW and
sinusoidal rapid-scan at two scan rates. The point that corresponds to the acquisition
conditions for the rapid-scan spectra shown in Figure 6.6A is circled. Given the long
relaxation times the shape of the CW saturation curve is almost certainly due to a mix of
absorption and dispersion spectra.

For 40 µM OX63, both the CW and rapid-scan spectra were collected on the
E500T spectrometer with the dielectric resonator. An approximate efficiency of 0.48
G/√(Watt) was used to discuss B1 for this sample. However, these data were collected
recently and a value for Q was not yet determined. Thus, the exact efficiency cannot be
determined for this sample. The dependence of signal amplitude on the square root of
power (B1) deviates from linearity above 12 mG for CW spectra, whereas for rapid-scan
at 0.6 at 0.6 MG/s, the signal deviated from linearity at 96 mG (Figure 6.2).
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Figure 6.2. Amplitude of CW (green diamonds) and rapid-scan spectra (purple triangles)
of OX63 as a function of square root of power. The rapid-scan frequency was ~13 kHz
and the scan width was 14.3G (0.6 MG/s). Rapid-scan signals were 1024 averages
collected in ~5 seconds. CW spectra were single scans, collected in ~30 seconds.

For N@C60 the dependence of signal amplitude on B1 deviates from linearity
above B1 ~6 mG for the CW spectra, whereas for rapid-scans at 5 MG/s deviation from
linearity is above B1 ~53 mG (Figure 6.3).
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Figure 6.3. Power saturation curves for the N@C60 sample obtained by CW (filled
triangles) and sinusoidal rapid-scan (open diamonds). The rapid-scan spectra were
acquired at a scan rate of 1.5 MG/s. The point that corresponds to the acquisition
conditions for the rapid-scan spectra shown in Figure 6.8A is circled.

At the time that the quartz data was collected, the EMX with the two power
attenuators was not yet in the Eaton lab. The relaxation times of the E' defects in quartz
are so long that passage effects caused distortions of the CW spectra at powers that would
have been used to obtain a power saturation curve on the older E9, so only the rapid-scan
power saturation curve is shown in Figure 6.4.
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Figure 6.4. Power saturation curve for the center line of the spectrum of E' defects in
irradiated quartz by rapid-scan at several different rates. The point that corresponds to
the acquisition conditions for the spectrum shown in Figure 6.9A is circled.
For NS0 in diamond, (like the E' defects in quartz) the relaxation times are so long
that passage effects caused distortions of the CW spectra at powers that would have been
used to obtain a power saturation curve, so only the rapid-scan power saturation curve is
shown in Figure 6.5. The amplitudes of extensively signal-averaged CW spectra at 70 dB
attenuation (B1 ~0.3 mG) were about twice as large as spectra at 76 dB, which indicates
that the B1 used to record the data in Figure 6.11E was in the linear response regime for
the signal. The dependence of signal amplitude on B1 for the CW spectra deviates from
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linearity above about B1 ~ 0.25 mG, however, for rapid-scan spectra at a scan rate of 0.14
MG/s deviation from linearity is observed above about B1 ~ 6 mG (Figure 6.5).

Figure 6.5. Power saturation curve for the center line of the spectrum of 20 ppb NS0 in
diamond obtained by triangular rapid-scan at 0.14 MG/s. The point that corresponds to
the acquisition conditions for the spectrum shown in Figure 6A is circled.

For the three samples, the B1 that can be used for the same minimal power
saturation decreases as T1 and T2 increase (Table 6.1). However for each of the samples,
B1 for rapid-scan is larger than for CW by factors of about 7 to 200. The ability to use
higher B1 without saturating the sample is a major advantage in improving S/N. As
shown in Figures 6.1–6.5 the relative signal amplitude is substantially higher at the
higher B1 that can be used in rapid-scan than for the same degree of power saturation for
CW spectra. Since rapid-scan spectra were obtained in the linear response regime, scan
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periods less than T1 do not decrease signal amplitudes, which is a major advantage
relative to pulsed experiments.
Lineshapes. The spectra obtained by various EPR methods for a-Si:H, 40 µM
OX63, 0.2% N@C60, E' defects in irradiated quartz and the center line (nitrogen mI = 0)
of NS0 in diamond are shown in Figures 6.6–6.10 The a-Si:H sample had the broadest
line width, ΔBpp ≈ 6 G which corresponds to FWHM of the absorption spectrum of 10.2
G (Figure 6.6). The lineshapes obtained from rapid-scan, CW, and field-swept echo
detected spectra are in good agreement. Since T2* = 6.56x10-8 (G s)/Bpp this Lorentzian
line width corresponds to T2* ~10 ns, which is too short relative to the deadtime of the
E580 spectrometer to permit measurement of an FID as required for FTEPR.
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Figure 6.6. Comparison of spectra of a-Si:H. A) Slow-scan absorption spectrum
obtained by deconvolution of sinusoidal rapid-scan signal acquired with a scan rate of 3.9
MG/s, 102400 averages, and B1 = 200 mG. B) Field-swept echo detected spectrum
obtained with constant 500 ns spacing between pulses, SRT (shot repetition time) = 100
s, 1024 shots/point, 10 scans. C.) Derivative of deconvolved rapid-scan spectrum. D)
Conventional field-modulated first-derivative CW EPR spectrum acquired with 2 G
modulation amplitude at 30 kHz, and B1 = 35 mG.
The peak-to-peak linewidth of OX63 is 160 mG (Figure 6.7). Good agrement for
linewidth with CW and rapid-scan was observed. OX63 should be further studied to
examine FTEPR and field-swept echo detected EPR for this sample.
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Figure 6.7. Comparison of rapid-scan and conventional CW EPR spectra of OX63. (A)
Slow scan absorption spectrum obtained by deconvolution of rapid-scan signal obtained
with a scan rate of 0.6 MG/s and microwave power about 40 mW (B1= 90 mG B1). 1024
averages were recorded in about 5 sec with a 100% pulse on/off duty cycle with a net
duty cycle of 100%. B) Single scan of a conventional field-modulated first-derivative
CW EPR spectrum of the same sample, obtained in 30 sec using 2 mW power, 10 kHz
modulation frequency, and 50 mG modulation amplitude.
The spectrum of 0.2% N@C60 has three lines with a nitrogen hyperfine splitting
of 5.7 G (Figure 6.8). There is good agreement between the absorption spectra obtained
by rapid-scan (Figure 6.8A), field-swept echo decay (Figure 6.8B), and FT-EPR (Figure
6.8C). The first-derivative of the rapid-scan absorption spectrum (Figure 6.8D) has ΔBpp
= 0.23 G for the low field line, 0.25 G for the center line, and 0.28 G for the high field
line (Figure 6.8E). These measurements are consistent with the literature [80] which
reported the nitrogen hyperfine to be ~6 G and the CW line width at 0.2% doping to be
~0.25 G.
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Figure 6.8. Comparison of spectra for 0.2% N@C60. A) Slow-scan absorption spectrum
obtained by deconvolution of sinusoidal rapid-scan signal acquired with a scan rate of 1.5
MG/s, 102400 averages, and B1 = 53 mG. B.) Field-swept echo detected spectrum
obtained with constant  = 600 ns spacing between pulses, SRT = 200 s, 1024 shots/pt,
2 scans. C) FT-EPR for data obtained with SRT = 200 s, 90o tip angle, and 20,480
averages . D) Derivative of deconvolved rapid-scan spectrum. E) CW spectrum acquired
with 0.1 G modulation amplitude at 30 kHz and B1 = 6 mG.
CW spectra of the E′ defects are shown in Figure 6.9D. The spectrum has parallel
and perpendicular components due to g-anisotropy. The power dependence of the E′ CW
spectrum is difficult to characterize because the signal saturates so readily. At high
microwave power, saturation and passage effects change the spectrum, causing it to look
like an inverted absorption spectrum.
The rapid-scan oscillations are observed on the E′ signal as a small negativegoing feature on the high-field side of the spectrum (Figure 6.9A).
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The g-value

dispersion of the defect centers results in interference of the oscillations from individual
spin packets, so the rapid-scan response does not show as much oscillatory behavior as
would be predicted for the known relaxation times [45, 86]. The slow scan absorption
spectrum was obtained by deconvolution (Figure 6.9B).

For comparison with the

conventional spectrum (Figure 6.9D), pseudomodulation was used to calculate the firstderivative (Figure 6.9C).
The field-swept echo-detected spectrum of the E′ signal is shown in Figure 6.10A
and the first derivative obtained by pseudomodulation is shown in Figure 6.10B.

Figure 6.9. Comparison of rapid-scan and CW EPR spectra of E' center in irradiated
fused quartz. a) As-recorded sinusoidal rapid-scan signal obtained with a scan rate of 4.7
MG/s. 1024 averages were recorded in about 5 sec. The incident microwave power was
about 3.3 mW. b) Slow-scan absorption spectrum obtained by deconvolution of signal in
a. c) First derivative spectrum obtained by pseudomodulation of the signal in b. d)
Single scan of a conventional field-modulated first-derivative CW EPR spectrum of the
same sample, obtained in 1 minute using about 0.02 mW incident microwave power (40
dB), 10 kHz modulation frequency and 0.05 G modulation amplitude.
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Figure 6.10. a) As-recorded X-band field-swept, echo-detected EPR spectrum of
irradiated quartz, obtained with π/2 = 1024 ns, π = 2048 ns, 1 scan with 4 step phase
cycling, power = 15 mW, 1024 points, 10 G sweep width, 2 ms pulse repetition time.
Data were acquired in 20 seconds. b) First derivative spectrum obtained by
pseudomodulation of the signal in a.
The mI = 0 line for NS0 in diamond had the narrowest width, with FWHM of the
absorption spectrum of 80 mG, and ΔBpp ~45 mG (Figure 6.11). The ΔBpp calculated
from the first-derivative of the rapid-scan signal is in good agreement with the value
determined from a CW spectrum obtained with extensive signal averaging. The low
modulation amplitude and low power required to obtain undistorted spectra of this
sample cause the S/N in the CW spectra to be poor. It is important to note that on a
typical EMX CW spectrometer with only a standard 60 dB attenuator, the acquisition of a
CW spectra would not have been possible because at 60 dB the lineshape is distorted by
passage effects, even when the modulation frequency is 6 kHz. The field-swept echodetected spectrum was broadened by about 30% due to limitations in the integrator gate
(Figure 6.11B). The 45 mG Lorentzian lineshape for NS0 in diamond is much broader
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than the spin-packet line width of about 0.4 mG calculated for T2 ~200 µs. In diamond at
concentrations higher than about ten atomic parts per million the EPR line width is
linearly dependent on the paramagnetic defect concentration [90].

At lower

concentrations the electron-nuclear dipolar contribution to the line width dominates and
the width of the line is concentration independent. A limiting Gaussian line width of Bpp
= 100 mG had been predicted due to interaction with 13C[90]. Approximately Lorentzian
lineshapes are predicted when the concentration of interacting nuclear spins is less than
about 3% [91, 92].
The data acquisition parameters for each method were selected to give minimal
spectral broadening, so except for the broadening of the spin-echo detected spectra of
NS0, the line widths obtained by various methods are in good agreement.
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Figure 6.11 Comparison of spectra for the center line of NS0 in diamond. A) Slow-scan
absorption spectrum obtained by deconvolution of triangular rapid-scan signal acquired
with a scan rate of 0.14 MG/s, 102,400 averages, B1 = 4 mG. B) Field-swept echo
detected spectrum with a constant 600 ns spacing between pulses, SRT = 3 ms, 64
shots/pt, 1 scan. C) FT-EPR of data obtained with an SRT of 200 s, 24o tip angle, and
40960 averages. D) Derivative of deconvolved rapid-scan spectrum. E) CW spectrum
acquired with 0.05 G modulation amplitude at 6 kHz and B1 = 0.25 mG, one scan.
Signal-to-noise. Spectra for a-Si:H (Figure 6.6), 40 µM OX63 (Figure 6.7),
N@C60 (Figure 6.8), E' defects in quartz (Figure 6.9), and NS0 in diamond (Figure 6.10)
show significantly higher S/N for rapid-scans than for CW obtained in the same amount
of time. For all samples but OX63 (field-swept echo-detected was not collected for this
sample), system limitations for the field swept echo experiments prevented data
acquisition in the same short times that were used for rapid-scan and CW EPR, but even
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with longer data acquisition times the S/N by echo detection was not as good as for rapidscan.
The S/N and data acquisition times for the four methods are summarized in Table
6.3. The CW spectra were obtained on a Bruker EMX because the S/N for CW was
higher than on the E500T. Improvement in the S/N for CW spectra on the E500T would
probably also improve the S/N for rapid-scan. To compare S/N for experiments with
different acquisition times, the S/N per t was calculated (Table 6.3), which takes into
account the fact that S/N increases proportional to the n where n is the number of scans.
For each of the samples the relative S/N improved in the order CW < echo detected < FT
 rapid-scan. The improvements for rapid-scan relative to CW ranged from 25 for
N@C60 to > 250 for a-Si:H. The much larger advantage for a-Si:H occurs because
although relaxation times are long, the signal is inhomogeneously broadened and
therefore the rapid-scan experiments could be performed without lowering resonator Q.
For the other samples the CW experiments were performed at higher Q than the rapidscan experiments.

These advantages of rapid-scan EPR relative to CW and spin-echo

detected EPR are typical of what can be expected for samples with long spin lattice
relaxation times.
The quartz sample used for the comparison had a relatively high dose.

For

irradiated fused quartz T1 is approximately independent of dose, and T2 becomes longer
as dose is decreased, with values approaching T1 at low dose [45] The longer T2 at lower
doses means that passage effects are an even greater problem at lower doses. Thus the
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advantages of rapid-scan over CW spectroscopy will be greater at lower doses than
shown in the high-dose example.
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Table 6.3. Data acquisition times, S/N, and relative S/N.
Sample

Method

Acquisition Time

S/N a

(seconds)

S/N per
sqrt(sec)
relative to CW

a-Si:H
CW

10

10

1

Field-swept echo

300

120

2.2

Rapid-scan

10

>2500

>250

CW

30

116

1

Rapid-scan

5

543

11.5

CW

20

12

1

Field-swept echo
FT-EPR
Rapid-scan

420
50
20

150
100
300

2.7
5.3
25

CW

60

120

1

Field-swept echo

20

400

6

Rapid-scan

5

500

14.4

CW

20

<1

1

Field-swept echo
FT-EPR
Rapid-scan

240
30
15

64
160
116

>18b
>130
>140

40 µM OX63

0.2 % N@C60

E' in Irrad. Quartz

NS0 in diamond

a

S/N is peak-to-peak signal amplitude (for CW) or signal amplitude (all other EPR

methods) divided by rms noise.
b

The field swept echo detected spectra were recorded with a conservative SRT ~ 4 T1. If

SRT ~ 1.4 T1 had been used, the S/N per sqrt(sec) relative to CW would have been >~14.

The S/N for rapid-scan compared with FTEPR is strongly sample dependent. For
a-Si:H T2* (~ 10 ns) is too short relative to the instrument deadtime to permit FTEPR.
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For N@C60 the S/N for FTEPR spectra obtained with 90o pulses and SRT = 1.4 T1 was
about a factor of 5 poorer than for rapid-scan. The T1 for N@C60 is too short, relative to
the shortest SRT available on the spectrometer, to take advantage of potential signal
enhancement using Ernst angle pulses [93]. However, even it that had been possible, it
would only enhance S/N by about 60%, and the S/N for FTEPR would still be
substantially lower than by rapid-scan. For NS0 in diamond the FTEPR experiments were
performed with SRT ~0.1 T1 and an Ernst angle of 26o, which gave S/N comparable to
that for rapid-scan.
Comparisons in Table 6.3 are based on the absorption signal for the rapid-scan,
FT, and echo detected spectra with the conventional first-derivative CW spectrum. As
shown in Figures 6.6 to 6.11, taking the derivative of the absorption spectrum increases
the high frequency noise. Uncertainty analysis has shown that if the S/N is the same, the
number of spins can be calculated from the absorption spectrum about twice as accurately
as from the first derivative signal so the absorption signal is advantageous for spin
quantitation [46].
6.1.5 Discussion
S/N. There are several reasons why rapid-scan gives improved S/N relative to CW
EPR. During the rapid-scans, the energy absorbed by the spins for the same microwave
B1 is less than in CW EPR, so the signal does not saturate as readily. Because higher B1
can be used, higher S/N can be obtained by rapid-scan than by CW EPR. The signals in
the real and imaginary channels of a quadrature detector are combined to further improve
the S/N ratio by up to a factor of 2 [94]. In addition, the full amplitude of the absorption
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signal is detected in each scan, unlike CW where modulation broadening limits the
magnitude of the modulation. Coherent averaging in rapid-scan spectroscopy functions
like a narrow-banded comb filter in the frequency domain, which substantially decreases
noise [95]. Unlike echo-detected EPR, in rapid-scan it is not necessary to form a spin
echo, so measurements can be performed with good signal intensity even if T2 is short.
The problems inherent in spectrometer deadtime that restrict FT EPR to samples with
long T2* are avoided. Unlike pulsed EPR, high power amplifiers are not needed.
The experiments discussed here were designed to maximize S/N while minimizing
the line broadening. For each of the methods employed, S/N can be increased at the
expense of lineshape broadening. For some measurements signal broadening may be an
acceptable price to pay for improved S/N. It is therefore important to understand the
different trade-offs that exist for the various experiments.
In CW experiments, the parameters that can be adjusted to improve S/N are
modulation amplitude, power, and the time constant for the low-pass filter. The S/N
increases with increasing modulation amplitude, however if the modulation amplitude is
too high, the signal broadens. Similarly, S/N can be increased by increasing B1 up to the
peak of the power saturation curve, but this occurs at the expense of power broadening.
A low-pass filter can decrease high frequency noise, but increased filtering also can
broaden the line.
For rapid-scan experiments the field scan rate and microwave power can be
varied. More scans can be averaged per unit time at faster scan frequencies. The faster
the scan rate, the larger the B1 that can be used for the same degree of power saturation.
However if the scan rate becomes fast enough that the signal bandwidth exceeds the
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resonator bandwidth the signal is broadened. The constraints on the low-pass filter are
similar to those for CW.
The integrator gate and the shot repetition time impact the S/N for a field-swept
echo detected spectrum. For N@C60 the SRT was 1.4T1 which gives approximately the
maximum echo per unit time. For NS0 in diamond a more conservative SRT of 4 T1 was
used. The S/N in the echo detected spectra is strongly dependent on the length of the
integrator gate. If the integrator gate is narrow relative to the echo, the S/N is enhanced,
but lines are broadened because of truncation of low frequency components of the signal.
Conversely, a broad integrator gate includes more low frequency components of the
signal and gives narrower lines. There are hardware limitations on timing of field-swept
echo-detected experiments at X-band using pulsed TWT amplifiers in commercial
spectrometers.
The S/N of the FTEPR signal can be maximized by adjusting the SRT and
decreasing the flip angle using the Ernst angle calculation.

However hardware

limitations on SRT limit this approach. One advantage of FT for narrow signals is that the
complete spectrum can be acquired with a single pulse.
This report discusses applications of rapid-scan to a few samples with long
electron spin relaxation times at ambient temperatures. There are many other important
classes of samples that have long electron spin relaxation times at the temperatures for
which EPR data is required, and for which rapid-scan is expected to provide significant
advantages relative to other EPR methods. Decreasing temperature increases the
difference in Boltzmann populations between mS = ±1/2 electron spin states which has
the potential to increase the intensity of the EPR signal. This is particularly important for
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species present at low concentrations. However electron spin lattice relaxation times for
most magnetically dilute samples increase proportional to T-n with n  2.

The longer

relaxation times limit the B1 that can be used to record CW spectra and limit the
repetition times that can be used in pulsed experiments.

Thus for CW and pulse

experiments the rapid increase in T1 with decreasing temperature can more than offset the
potential advantage of higher Boltzmann populations at lower temperatures.
The rapid-scan drivers in the Eaton laboratory currently can generate scan widths
up to about 80 G, with a tradeoff between scan width and scan frequency [48, 96]. These
scan widths are sufficient to record spectra for a wide range of organic radicals. Work
by Hyde et al is focused on splicing together multiple rapid-scan segments to record
wider EPR spectra [91, 92]. Improved methods for recording broad spectra are currently
being developed in the Eaton lab.
Device-limiting paramagnetic states at functional interfaces or in thin film
electronic devices may be present in low concentrations [75]. Electrically detected
magnetic resonance is expected to have higher sensitivity than rapid-scan for these sites
but spin quantitation is difficult [97]. Organic co-factors in biomolecules including
protein-derived radicals, semiquinones, or flavins typically are present in low
concentrations, and have very long relaxation times at cryogenic temperatures.
Intermediates that are studied by freeze quenching reactions also are present in low
concentrations.
Higher magnetic fields/frequencies are predicted to be advantageous for rapidscans for several reasons. At higher frequency the same resonator Q corresponds to a
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higher bandwidth which permits faster scans without signal broadening. Greater g value
dispersion often results in broader lines, which increases T2* and permits the use of
higher Q and/or faster scans. The smaller size of higher frequency resonators means that
sample sizes are smaller, so the size of the scan coils can be decreased which decreases
the power required for a scan and facilitates wider scans.
For spin quantitation rapid-scan has the additional advantage that the number of
unpaired electrons can be determined more accurately from the absorption spectrum than
from the first derivative spectrum that is recorded in traditional CW experiments.
The enhancements in S/N observed for the materials samples examined in this
study thus have implications for a wide range of applications both in materials science
and biomedicine.
Conclusion. Samples with relatively long relaxation times are difficult to measure
with conventional CW and echo-detected field-swept EPR. There are limitations to the
use of FTEPR when T2* is short and when spectral bandwidth is large. For comparable
selections of parameters required to obtain accurate line shapes and quantitative signal
intensities, rapid-scan yields higher S/N than CW or field-swept echo-detected EPR. The
advantage of rapid-scan relative to FTEPR is strongly sample dependent. Table 6.3
summarizes the S/N enhancement observed with rapid-scan EPR for a-Si:H, OX63,
N@C60, E' defects in irradiated quartz, and NS0 in diamond. Rapid-scan is a straightforward alternative to CW EPR that allows spectra of samples with long relaxation times
to be acquired with improved S/N and without the need for high power amplifiers.
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6.2 Nitroxyl Radicals
6.2.1. Introduction
Many organic radicals are transient in solution. The term “persistent” refers to a
radical that has a lifetime significantly greater than a methyl radical under the same
conditions [98]. The persistence of a radical depends on its environment. Nitroxyl
radicals or nitroxides are remarkably persistent due to resonance delocalization and steric
shielding of the unpaired electron [3]. Because of the increased lifetimes of nitroxyl
radicals when compared to other organic radicals, these molecules have been the subject
of in-depth study by EPR. Nitroxyl radicals have been widely used used in vivo EPR
imaging [99], spin labeling [16], spin trapping [100], and many other fields.
In this section, the enhancement of S/N of nitroxyl radicals in lossy solutions with
rapid-scan relative to traditional CW is demonstrated. This work was also summarized in
our 2012 paper [101]. Three radicals were used for these experiments:
CTPO (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy),

15

N-mHCTPO (4-hydro-3-

carbamoyl-2,2,5,5-tetra-perdeuteromethyl-pyrrolin-1-15N-oxyl-d12) and
2,2,6,6-tetra-perdeuteromethyl-piperidinyl-15N-oxyl-d16) (Scheme 6.2).
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15

N-PDT (4-oxo-

Scheme 6.2. Structures of 15N-PDT (4-oxo-2,2,6,6-tetra-perdeuteromethyl-piperidinyl15
N-oxyl-d16), CTPO (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy), and 15NmHCTPO
(4-hydro-3-carbamoyl-2,2,5,5-tetra-perdeuteromethyl-pyrrolin-1-15N-oxyld12).
6.2.2. Methods
Sample Preparation.15N-PDT with 98% isotope purity was purchased from CDN
Isotopes (Quebec, Canada).

15

N-mHTCPO was prepared as previously described [52]

and provided by Prof. Halpern (University of Chicago). Solutions in 80/20 EtOH/H2O
were 0.2 mM for 15N-PDT and 0.1 mM for 15N-mHTCPO. These concentrations are in a
range where the contribution to relaxation from collisions is very small [1]. The samples,
in 4 mm o.d. x 3 mm i.d. quartz tubes, had heights of 3 mm, resulting in 3x3 mm
cylindrical shapes. The height was selected to decrease the impact of distortions in the
signal due to nonuniformities in the rapidly-scanned fields. Both samples were degassed
by performing six freeze-pump-thaw cycles and then the tubes were flame sealed.
EPR Spectroscopy. CW spectra and rapid-scan signals were obtained on a Bruker
custom E500T X-band spectrometer. The microwave bridge had bandwidth options of 20
or 200 MHz. Signal acquisition was via a Bruker signal processing unit (SPU) for CW
spectra and a SpecJetII fast digitizer for rapid-scan signals.
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For CW spectra the

modulation frequency and amplitude were chosen to minimize lineshape distortions. The
microwave B1 was calculated from incident power as described in section 5.2.

A

critically-coupled FlexLine ER4118X–MD5 dielectric resonator was used to minimize
eddy currents induced by the rapidly-changing magnetic fields.

Resonator Q was

measured using the pulse ring down method with a locally-designed addition to the
bridge [28]. The 80/20 EtOH/H2O solutions lowered the resonator Q to about 150, which
corresponds to a resonator 3 dB bandwidth of 64 MHz at about 9.7 GHz (Equation 6.1).

BWres 


res

(6.1)

where υ is the resonator frequency. As discussed in section 3.5, because the field is
sequentially scanned up and down in a rapid-scan experiment, only half of the resonator



bandwidth is available for the signal in either half cycle. The resonator Q that is required
to minimize distortion of a signal with a bandwidth BWsignal is:

Q


2 BWsignal

(6.2)

where BWsignal is approximated by equation 3.5.
Although the rapid-scan
regime is defined in terms of T2, calculation of signal

bandwidth requires inclusion of inhomogeneous broadening and is expressed in terms of
T2*. For hyperfine split spectra and other complex lineshapes an approximate T2* based
on the overall rate of damping of the FID should be used in Equation 3.5. The goal is to
avoid filtering out the high-frequency components of the spectrum. A more precise
estimate of signal bandwidth can be obtained by Fourier transformation of the rapid-scan
signal.
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A locally-designed magnetic field scan driver created sinusoidal scans with 9.5
cm diameter circular coils outside the resonator, aligned coaxially with the main
magnetic field. To avoid excessive heating of the amplifier in this scan driver, the sine
wave for the magnetic field scans was generated in bursts with a duty cycle of 33 or 50%.
To permit equilibration of the hardware and spin response, the rapid-scan signals were
digitized only after the 5th cycle of each burst, which corresponds to a duty cycle for data
acquisition of about 4%. This fractional duty cycle method was required by the type of
scan driver and coils available at the time of this experiment.
The center field of the scan was selected to be close to resonance. In a sinusoidal
scan, the scan rate is a function of the offset from the center of the scan. Scan rates were
designated by the rate at the center, which is given by Equation 3.9. The scan frequency
ranged from 10 to 60 kHz, and scan widths ranged from 5 to 60 G. The rapid-scan signal,
after multiplication by the sinusoidal driving function, is the convolution of the slow scan
spectrum with the driving function [43]. The slow-scan spectra were recovered by
deconvolution, using the Fourier transforms of the data and the driving function [43].
The up- and down-field half cycles of the sinusoidal scans were analyzed separately. To
facilitate comparison with conventional CW spectra, a pseudomodulation procedure [67]
was used to recover the first derivative spectrum. This procedure included a fourth-order
low pass Butterworth filter [102]. Filtering was done with the MatLab "butter" routine
and the value of the adjustable parameter, Wn, was selected to give less than 2%
broadening (Wn=0.12).
The T1 and T2 for

15

N-PDT and

15

N-mHCTPO in 80/20 EtOH/H2O were

measured using three-pulse inversion recovery and two-pulse electron spin echo decay,
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respectively, on a locally-built pulsed spectrometer [83]. The T2 values for the low field
lines of 15N-mHCTPO and 15N-PDT are 0.70 and 0.61 µs, respectively. The T1 values for
the low field line of

15

N-mHCTPO and

15

N-PDT are 1.2 and 0.79 µs, respectively. The

estimated uncertainties for T1 and T2 are about 3%. The T2* for 15N-PDT, measured from
a single pulse FID, was 0.43  0.03 µs. This value of T2* is about 13% larger than would
have been calculated using Equation 2.3, which approximates the inhomogeneously
broadened ΔBpp (0.175 G) as a Lorentzian. For 15N-mHCTPO the partially resolved ring
proton hyperfine coupling causes a more complicated decay of the FID, so T2* = 0.26 µs
was estimated from the inhomogeneously broadened linewidth of ΔBpp (0.256 G).
Simulations. Simulations of the rapid-scan signals were performed by numerical
integration of the Bloch equations and summation of the contributions from multiple spin
packets. The input parameters were magnetic field scan width, scan frequency, resonator
Q, offset of the center of the scan from the resonant magnetic field, T1, T2, and B1. Two
approaches were used to determine the weightings of the spin packets that model the
inhomogeneous broadening. (i) For spectra obtained with small enough B1 that saturation
effects were negligible, the inhomogeneous broadening was approximated by a set of
spin packets with relative amplitudes calculated using a Voigt function [39].

The

parameters for the Voigt function were determined by fitting the rising edge of the signal.
An uncertainty of about ±7% was estimated for the inhomogeneous broadening. (ii) For
the power saturation curves the known deuterium hyperfine splittings [1] were used to
calculate the positions of individual spin packets relative to the center of the spectrum.
The field offsets for the centers of the spectra were measured from the experimental
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rapid-scan spectra obtained by deconvolution. Changes in offsets within a data set were
attributed to frequency drift arising from changes in the temperature of the resonator.
The simulated rapid-scan spectra were deconvolved, and the amplitudes were measured.
The calculations were performed for each experimental combination of scan width and
scan frequency. To determine the dependence of the maximum amplitude in the power
saturation curve on scan rate, power saturation curves also were simulated for scan rates
between 300 kG/s and 10 MG/s.
6.2.3. Results
The rapid-scan spectra of 15N-PDT (Figure 6.12) exhibit characteristic oscillations
on the trailing edge of the signal. The values of T2 obtained by simulation of the spectra
were in good agreement with values obtained directly by spin echo.

126

Figure 6.12. (black line) Segment of an X-band sinusosidal rapid-scan spectrum of the
low-field nitrogen hyperfine line for a degassed 0.2 mM 15N-PDT solution, obtained with
55 G scan width, 3419 G center field, and 29.7 kHz scan frequency (scan rate ~5.1 MG/s)
with a 50% pulse on/ off duty cycle and a net duty cycle of 4% for data acquisition. 1024
averages were collected with resonator Q~150 and 2 mW power (B1 = 0.02 G), which is
well below the peak in the power saturation curve (red dashed line). Simulation obtained
with T2 = 0.61 µs and 75 mG inhomogeneous broadening.
The slow-scan absorption spectrum for
Figure 6.12 by deconvolution.

15

N-PDT was obtained from the data in

For comparison with the conventional spectrum,

pseudomodulation was used to calculate the first-derivative, which is in good agreement
with the CW spectrum (Figure 6.13).

127

Figure 6.13. Segments of spectra of the low-field nitrogen hyperfine line for degassed
0.2 mM 15N-PDT solution. (blue line) CW spectrum obtained with 45 G sweep width,
0.02 G modulation amplitude, 82 sec scan time, and 0.3 mW power with a 50% pulse on/
off duty cycle with a net duty cycle of 4%. (red dashed line) Pseudomodulated,
deconvolved rapid-scan spectrum obtained with 9.15 G scan width, and 29.7 kHz scan
frequency (scan rate of ~0.85 MG/s). 1024 averages were collected in ~1 sec. with
resonator Q~150 and 2 mW power (B1 = 0.02 G).
The experimental and calculated dependence of the amplitude of the rapid-scan
signals on microwave power for 15N-mHCTPO for three rapid-scan rates is significantly
different than for a CW spectrum (Figure 6.14). As the scan rate is increased, the region
in which the signal amplitude increases linearly with power extends to higher power and
the maximum signal amplitude increases (Figure 6.14). A similar dependence of power
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saturation on scan rate was observed for

15

N-PDT (Figure 6.15) and for signals in

materials samples (Section 6.1).
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Figure 6.14. Amplitude of CW and rapid-scan spectra of the low-field nitrogen hyperfine
line of 0.1 mM 15N-mHCTPO solution as a function of microwave B1. The scan widths
were ~10 G and rapid-scan frequencies were 15.9, 31.5, or 57.4 KHz. Rapid-scan signals
were 1024 averages, collected in less than 1 second. CW spectra were collected with
single scan acquired in ~82 seconds. The y-axis scale is the same for all of the rapidscans. The amplitude of the CW spectra is scaled to match that obtained for the rapidscans at low B1. The dashed lines represent the calculated power saturation curves, which
were simulated by solving the Bloch equations. The point that corresponds to the
acquisition conditions for the spectra shown in Figure 6.17AC is circled in red, and the
point that corresponds to the low-power CW spectrum in Figure 6.17D is circled in blue.

129

Figure 6.15. Amplitude of CW and rapid-scan spectra of the low-field nitrogen hyperfine
line for 0.2 mM 15N-PDT solution as a function of microwave B1. The rapid-scan
frequency was ~30 kHz and the scan width was varied. Rapid-scan signals were 1024
averages, collected in less than 1 second. CW spectra were single scans, collected in ~82
seconds. The y-axis scale is the same for all of the rapid-scans. The dashed lines
represent the calculated power saturation curves, which were simulated by solving the
Bloch equations. The amplitude of the CW spectra is scaled to match that obtained for
the rapid-scans at low B1.

The maximum signal amplitudes in simulated power saturation curves as a
function of scan rate for 15N-mHCTPO are shown in Figure 6.16B. The regime in which
the rapid-scan signal amplitude is enhanced is defined by Equation 6.5, which points out
that higher powers can be used for faster scans.
B1
1
dB0 
0.5

T T 
 dt  1 2
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(6.5)

where dB0/dt is the scan rate [4, 30, 38]. The maximum amplitude in the calculated power
saturation curves becomes dependent on scan rate (Figure 6.5A) when the left hand side
of Equation 6.5 decreases below 1, which confirms that the benefit of scanning faster
occurs within the rapid-scan regime. At log(rate)~7, the maximum amplitude of the
power saturation curve begins to decrease (Figure 6.5A). The decrease in amplitude is
observed at this rate because of relaxation time limitations. If the scan rate is too fast, the
magnetization has not fully come to equilibrium before the next excitation. To achieve
the increased signal amplitudes at higher scan rates requires higher B1 (Figure 6.16B).

Figure 6.16. Simulation for 15N-mHCTPO of the maximum intensities in the power
saturation curves as a function of rate (B). The B1 required to achieve these amplitudes is
shown in (A). Scan width was ~10 G and scan frequency was varied from 0.1 to 350
kHz.
The S/N per unit time for CW and rapid-scan was compared for the

15

N-

mHCTPO sample (Figure 6.17). The power, modulation amplitude, and a fourth order
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low pass Butterworth filter setting for the CW spectrum were selected to cause no more
than ~2% broadening (Wn=0.11). The conversion time selected for the CW experiment
was 0.9 ms for 1024 points to give a sweep time of 0.92 seconds. The rapid-scan data
with the fastest rate shown in Figure 6.14 (1.8 MG/s) were chosen for the comparison.
The power and Butterworth filter setting for the rapid-scan spectrum were selected to also
limit signal broadening to ~2%. The ~57 kHz scan frequency allowed 1024 scans to be
averaged in 0.9 seconds. The rapid-scan and CW experiments had about the same data
acquisition time, and the filter bandwidths appropriate for each scan were selected, so the
S/N was compared directly. By using rapid-scan EPR, the S/N was improved by about a
factor of 2 (Figure 6.17) for the derivative spectra.
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S/N~380

Figure 6.17. Comparison of rapid-scan and conventional CW EPR spectra of the lowfield nitrogen hyperfine line of 15N-mHCTPO. (A) As-recorded sinusoidal rapid-scan
signal obtained with a scan rate of 1.8 MG/s and microwave power about 80 mW (B1=
0.14 G B1). 1024 averages were recorded in about 0.9 sec with a 50% pulse on/ off duty
cycle with a net duty cycle of 4% for data acquisition. B) Slow-scan absorption spectrum
obtained by deconvolution of signal in A. C) First derivative spectrum obtained by
pseudomodulation of the signal in B. D) Single scan of a conventional field-modulated
first-derivative CW EPR spectrum of the same sample, obtained in 0.9 sec using 5 mW
power, 10 kHz modulation frequency and 0.13 G modulation amplitude. Modulation
amplitude, power, and filter were chosen to maximize signal amplitude with less than 2%
broadening.
After the Litz wire coils (Section 4.2.3) were installed, and it was possible to
operate with 100% duty cycle, a repeat experiment was performed and an even greater
improvement in S/N was observed. The S/N for the absorption is about 18x better than
for the CW first derivative spectrum.
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Figure 6.18. Comparison of rapid-scan and conventional CW EPR spectra of the lowfield nitrogen hyperfine line of 15N-mHCTPO with Litz wire coils. (A) As-recorded
sinusoidal rapid-scan signal obtained with a scan rate of 1.8 MG/s and microwave power
about 80 mW (B1= 0.14 G B1). 12000 averages were recorded in about 0.9 sec with a
100% pulse on/ off duty cycle with a net duty cycle of 100%. B) Slow-scan absorption
spectrum obtained by deconvolution of signal in A. C) First derivative spectrum obtained
by pseudomodulation of the signal in B. D) Single scan of a conventional fieldmodulated first-derivative CW EPR spectrum of the same sample, obtained in 0.9 sec
using 5 mW power, 10 kHz modulation frequency and 0.13 G modulation amplitude.
Modulation amplitude, power, and filter were chosen to maximize signal amplitude with
less than 2% broadening (same spectrum as Figure 6.6 D).
6.2.4. Discussion
Power saturation curves for

15

N-mHCTPO (Figure 6.14) and

15

N-PDT (Figure

6.15) demonstrate that unsaturated rapid-scan spectra can be acquired at higher powers
and with higher signal amplitude for the same acquisition time than conventional CW
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EPR. For a given sample, the bridge and resonator bandwidth were held constant for all
measurements, and experiments were performed in a range where noise was independent
of power. The signal bandwidth increases linearly with scan rate (Equation 3.5) which
requires a higher detection bandwidth for faster scans. If noise is approximately 'white',
it increases proportional to the square root of bandwidth. If the scan rate is doubled, and
if the data acquisition system is 100% efficient, then twice as many scans can be
averaged in the same time. Since noise decreases with the square root of the number of
scans, the increase in detector bandwidth is, in principle, compensated by the larger
number of scans. The maximum scan rate that does not distort the lineshape is inversely
proportional to resonator Q. Signal amplitude is proportional to the square root of Q.
Lossy samples inherently lower the resonator Q, which provides larger bandwidths that
are needed for rapid-scans. If a sample is non-lossy, then lowering the Q to permit rapidscans could offset the advantage of scanning faster.
The 0.2 mM

15

N-PDT sample has a ∆Bpp~175 mG and a T2*=430 ns±30 ns. It

was studied at scan rates up to 4.6 MG/s, which gives BWsignal (Equation 3.8) ~28 MHz.
The bridge bandwidth was set at 200 MHz.

The required BWres is ~56 MHz, and at

υ~9.67 GHz this corresponds to a Q~175. The resonator Q for this experiment was 200.
The deconvolved rapid-scan spectra at the fastest rate exhibited slight broadening (~3%)
even in the linear power region, which is attributed to resonator Q. The rapid-scan
spectra could still be accurately simulated by accounting for the effect of resonator Q.
The 0.1 mM 15N-mHCTPO sample has a ∆Bpp~256 mG for the inhomogeneously
broadened proton-hyperfine split lines, and was studied at scan rates up to 1.8 MG/s. T2*
is about 0.26 μs. The BWsignal (Equation 3.8) the highest rate is ~6.5 MHz, which requires
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BWres of ~13 MHz. At υ~9.67 GHz this corresponds to a Q~430. The actual Q for this
experiment was 150. Thus, for the

15

N-mHCTPO experiment, there was an excess of

resonator bandwidth. The bridge bandwidth was set at 20 MHz. No broadening was
observed in the deconvolved

15

N-mHCTPO rapid-scan spectra within the linear power

region.
When comparing the signal-to-noise of the solid copper coil data for

15

N-

mHCTPO with CW EPR, the S/N increased by a factor of 2 with rapid-scan (Figure 6.17)
when comparing the two derivative spectra. When the spectra are compared in their
native state, rapid-scan gave a 5x enhancement in S/N. The coils were then switched to
the Litz wire coils with the aluminum plates in the spectrometer, 100% duty cycles were
achieved. With this set up a S/N enhancement of over 5x was achieved (Figure 6.18)
when comparing derivative spectra. When comparing the data in its native state, rapidscan gave an enhancement of a factor of 17.
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Chapter 7: Applying EPR to Spin Trapping Experiments.
7.1 Developing X-band Rapid-scan EPR as a method of detecting Spin
Trap Adducts.
7.1.1 Introduction.
Motivation. In the late 1960s, when the significance of biologically generated free
radicals, such as superoxide (O2•-), was in its infancy, a new technique for identifying
these reactive species was developed called spin trapping [100]. Superoxide (O2•-) is well
known for its role in the Fenton reaction and in oxidative stress [103]. It is generated by a
broad spectrum of enzymes and has been shown to be an important cell signalling agent,
controlling a variety of physiological functions [104, 105]. Yet our knowledge of these
signalling events is currently based only on in vitro models. For example, it has been
shown that O2•- generated by the metabolism of xanthine by xanthine oxidase can
promote the germination of B. anthacis endospores [106]. Similar findings were obtained
using activated macrophages [107]. Although these models are highly suggestive of an
important cell signalling role for O2•-, it has not been possible to confirm the analogous
pathways in vivo. Improving the sensitivity of detection of O2•- requires improved
methodology. The research described in this chapter, and in the corresponding journal
article [108], is an important step toward detection of O2•- in cells by EPR.

137

Reactive oxygen species, including hydroxyl (HO•) and superoxide (O2•–)
radicals, have lifetimes at ambient temperature that are too short to be detected directly
by EPR. The spin-trapping technique in which a short-lived radical reacts with a nitrone
or nitroso-compound to form a more stable radical (Scheme 7.1) was developed in the
late 1960's [100, 109]. For many years 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
(Scheme 7.1) was the nitrone of choice for detecting O2•- and HO• because of the
characteristic EPR spectra of the adducts DMPO-OOH and DMPO-OH [110, 111].
DMPO has played a pivotal role in identifying O2•- in many enzymatic reactions,
including nitric oxide synthases [112-115].

More recently, spin traps have been

synthesized with either a diethoxyphosphoryl (DEPMPO) [116] or ester group, such as 5tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) [54, 117, 118].

BMPO

(Scheme 7.1) has a larger rate constant for trapping O2•- than DMPO, and BMPO-OOH
exhibits a longer half-life than DMPO-OOH [54]. However, even with improvements in
spin traps, the low rate of formation of O2•– in vivo makes prospects of detection by EPR
extremely challenging.

Scheme 7.1. Spin trapping reagents and reaction. The half-life for several spin-trap
adducts are listed [3, 54].
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CW EPR has been the method of choice for most spin trapping experiments.
Analogous to nuclear magnetic resonance, Fourier transform (FT) EPR has the potential
to improve sensitivity of EPR. However, electron spin relaxation times are orders of
magnitude shorter than nuclear spin relaxation times, which limit the utility of FT EPR.
Electron spin relaxation times for spin-trapped radicals are expected to be similar to those
for more stable nitroxyl radicals. Although T2 for rapidly tumbling nitroxyl radicals in deoxygenated aqueous solutions is about 0.5 µs [1], unresolved hyperfine splittings and
collisions with O2 reduce T2* (the effective decay time for a free induction decay) to less
than 100 ns. These short T2* values are less than the deadtime of most pulsed EPR
spectrometers, which drastically reduces detected signal intensity, and makes the S/N per
unit time for FTEPR spectra of spin-trapped radicals poorer than for CW.
In this chapter, the improvement in S/N for BMPO-OOH recorded by rapid-scan
relative to CW EPR will be demonstrated. The oxidation of hypoxanthine by xanthine
oxidase was used as a continuous enzymatic source of O2•-, with rates of generation in the
range of 0.1–6 µM/min. To demonstrate applicability to a living organism, rapid-scan
EPR with BMPO as the spin trap was used to detect O2•- produced by Enterococcus
faecalis. E. faecalis is a human intestinal commensal that has been shown previously to
produce extracellular O2•– [119]. Rapid-scan EPR spectroscopy, combined with the best
of the current generation of spin traps, permits characterization of O2•- generated at rates
similar to those that would be observed in isolated cells. The low concentrations of
BMPO-OOH that can be observed by rapid-scan are undetectable by CW EPR in the
same data acquisition time.
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Measuring rate of superoxide production. Understanding the rate of superoxide
production is an important aspect of characterizing rapid-scan of spin trap adducts. The
initial tests were done by generating superoxide with a simple hypoxanthine/xanthine
oxidase system and trapping superoxide with BMPO. The rate of superoxide generation
was measured by observing the reduction of ferricytochrome c via UV-Vis spectroscopy.
Superoxide radicals can reduce ferricytochrome c by univalent electron transfer
(Equation 7.1).

2O2  cyt 3  cyt 2  O2

(7.1)

In the presence of superoxide dismutase (SOD), an additional decay occurs for
superoxide (Equation 7.2).

2O2–∙+ SOD +2H2O

2O2+H2O2 +2OH–

(7.2)

It has been shown previously that the initial rates of ferricytochrome c reduction at
various finite concentrations of the cytochrome c [120] can be determined by measuring
the initial reaction rate.
Initial rates of the reduction of ferricytochrome c were measured by observing the
growth of the peak at 549 nm as a function of time with an extinction coefficient of 21
mM–1cm–1. The growth of this peak was observed for 10 minutes for each concentration
of cytochrome c. The initial rate was measured by fitting a line to the first 3 minutes of
each curve.
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549
nm

Figure 7.1. UV-Vis spectra for both oxidation states of cytochrome c. The native state,
ferricytochrome c (Fe3+), is reduced by superoxide radical to make ferrocytochrome c.
The absorbance of the peak at 549 nm is monitored to determine the rate of production of
superoxide.

7.1.2. Methods.
The BMPO spin trap was synthesized as described in the literature [54] and
provided by Prof. Gerald Rosen, University of Maryland. Xanthine oxidase (EC
1.1.3.22), hypoxanthine, superoxide dismutase (SOD), horse heart ferricytochrome c, and
diethylenetriaminepentaacetic acid (DTPA) were purchased from Sigma – Aldrich (St.
Louis, MO). Enterococcus Faecalis ATTC strain 19443 was purchased from Carolina
Biological Supply Company (Burlington NC). Brain heart infusion agar (BHI) was
purchased from Fischer Scientific. Samples for EPR spectroscopy were contained in 0.8
mm inner diameter pyrex capillaries, supported in 4 mm outer diameter quartz EPR
tubes.
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For methodology validation, O2•- was generated using hypoxanthine and xanthine
oxidase at pH 7.4 [121]. Typically, xanthine oxidase (0.04 U/mL) was added to pH about
7.4 sodium phosphate buffer (50 mM) containing DTPA (1 mM) and hypoxanthine (0.5 –
400 M, final concentration) to achieve rates of O2•– formation that ranged from 0.1 to
6.0 M/min. The superoxide production rate was estimated by monitoring the SODinhibitable reduction of ferricytochrome c (80 M) at room temperature [120].

Spin

trapping was performed by addition of 100 mM BMPO in pH ~ 7.4 phosphate buffered
saline (50 mM, PBS) containing 1 mM DTPA to the solution of hypoxanthine and
xanthine oxidase to achieve a final BMPO concentration of 50 mM in the reaction
mixture. EPR spectra were recorded 10 min after mixing reagents.

The half-life of

BMPO-OOH at ambient temperature is reported to be about 23 min [122]. Solutions for
control experiments contained SOD (30 U/mL).

The procedure for growing Enterococcus faecalis for spin trapping experiments
was similar to that described in the literature [119, 123, 124]. The bacterial culture was
spread onto brain heart infusion (BHI) agar to isolate a single colony. The spread plates
were incubated at 37 C for 16 hours. Depending on the concentration of the bacteria, the
spreading procedure had to be repeated until a single colony could be easily isolated. A
single colony was touched with a pipet tip and scraped into a culture tube with 3 mL of
liquid BHI media. All steps with bacteria open to the air were carried out in a BSL-2
hood provided generously by Dr. Scott Barbee, Department of Biological Sciences.
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Once in the culture tube, the bacteria were incubated and shaken for 16 hours at
37 C. After 16 hours, the bacterial culture had an opaque color and was placed on ice to
slow growth. Bacteria were then washed (in the BSL-2 hood) with phosphate buffered
saline (PBS) buffered to a pH of 7.4. and spun down with a centrifuge with 10000 RPM
8600 RCF for 2 min. The bacteria-containing pellets were washed with PBS and spun
again and then resuspended in the PBS solution.
The rate of formation of O2•- by E. faecalis in the presence of 10 mM glucose was
estimated to be 0.1 nmoles/min/1.0x106 colony forming units (CFU) by monitoring the
SOD-inhibitable reduction of ferricytochrome c (80 M) at room temperature.
Bacteria were enumerated using two methods. (i) The optical density (O.D.) at
620 nm was measured at several dilutions and a molar absorptivity of 2.0 x109 CFU
O.D.–1 mL–1 was used to convert OD to CFU. (ii) Each of the suspensions of bacteria was
further diluted by a factor of 100,000 and 10 L was plated on brain heart infusion agar.
The individual colonies that formed overnight (at 37 C) were counted to determine the
average number of CFU per mL. A calibration curve was created that related optical
density and CFU/mL as well as the superoxide production rate.

UV-Vis with

ferricytochrome c was used to determine the rate of production of superoxide by bacteria
in the presence of 10 mM of glucose for a set of dilutions.
CW EPR spectra were obtained on a Bruker EMX-plus X-band (9.5 GHz) EPR
spectrometer with a super high quality factor (SHQ) resonator. With these samples in the
resonator, the Q was ~ 3000 and the resonator efficiency (B1 /W) is 1.2 [125, 126].
Although the peak-to-peak first-derivative linewidths for individual hyperfine lines are
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about 0.75 G, spectra were over-modulated with modulation amplitude about 0.75 G. The
20 mW microwave power (B1 =170 mG) was too high to be in the regime where signal
amplitude increases linearly with the square root of power. High modulation amplitude
and microwave power were used to maximize the signal amplitude, although these
parameters broaden the lines and decrease resolution of the small hyperfine splittings.
Rapid-scan EPR spectra were obtained on a custom Bruker E500T X-band
spectrometer with a dielectric ER4118X-MD5 resonator. In the dielectric resonator the B1
excites spins over a sample height of about 1 cm, which is about half as large as in the
SHQ resonator. In comparing performance of CW and rapid-scan, this approximately
factor of 2 difference in the number of spins detected was not taken into account. The
samples lowered the resonator Q, measured with a locally-designed addition to the bridge
[127], to about 850. Sinusoidal scans were generated with a locally-designed and built
scan driver [48], that includes interchangeable capacitors to resonate the scan-coil circuit.
Litz wire coils with 7.6 cm average diameter were mounted outside the resonator,
coaxially with the main magnetic field. The scan frequency was about 51 kHz and the
scan widths were between 50 and 60 G. The signal amplitude for BMPO-OOH changes
too rapidly to permit acquisition of a power saturation curve.

Based on the power

saturation behavior for stable nitroxyl radicals in aqueous solution [125], a microwave
power of ~53 mW (B1 = 250 mG) was selected to maximize signal amplitude with less
than 2% line broadening. Data were acquired in segments containing 1 to 12 cycles of
the sinusoidal scans. These segments were averaged 100k times. Background correction
[128], sinusoidal deconvolution [43], combination of signals in real and imaginary
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channels [94], and combination of up-field and down-field scans were performed, to
obtain the spectra shown in Figures 7.4 to 7.6.
A fourth-order Butterworth filter was applied to both the CW and rapid-scan data
to decrease noise. The filter parameter was selected to broaden the signals by less than
2%.

7.1.3. Results and Discussion

Figure 7.2 is a comparison of the derivative spectrum of BMPO-OOH collected
by rapid-scan and CW EPR. These spectra were collected at about the same power.
Figure 7.2 demonstrates that much better resolution of hyperfine structure can be
achieved with rapid-scan over CW EPR, for the same data acquisition time.

Figure 7.2. Comparison of 6 MG/s rapid-scan and CW spectra of BMPO-OOH. (Blue
Trace) 30 kHz scan frequency, 62 G scan width, and 20 mW power, collected in 42
seconds. (Orange Trace) Collected on a Bruker EMX-plus spectrometer. 1.0 G mod amp,
20 mW power, 10 KHz mod frequency, 60 G sweep width.
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Considerable thought and effort were put towards determining the best way to
accurately compare rapid-scan and CW EPR for spin-trapped adducts. The Eaton lab
collectively determined to compare CW and rapid-scan each collected with the
appropriate parameters that yielded the highest S/N with an allowed percentage of
broadening and on the spectrometer with the best currently available performance. Thus,
CW spectra of BMPO-OOH were obtained with a Bruker X-band (9.5 GHz) EMX Plus
and a SHQ resonator that represents the current state of the art. Rapid-scan spectra were
recorded on a custom Bruker X-band E500T with a dielectric resonator.

CW and rapid-scan spectra for BMPO-OOH produced by 6 µM/min generation of
O2•- (Figure 7.3) are shown as the conventional first-derivative spectrum (Figure 7.3A)
and the first integral of the CW spectrum (Figure 7.3B). Figure 7.3C is the deconvolved
rapid-scan spectrum, which was obtained in 10% of the time that was used for the CW
spectrum (Figure 7.3A). Rapid-scan spectra are presented as the absorption signal,
because that is the form in which data are recorded. Both CW and rapid-scan spectra for
BMPO-OOH exhibited the characteristic 12-line pattern that arises from nearly equal
splittings by one nitrogen with AN = 13.23 G and one proton with AH = 11.8 G, and
nearly equal populations of two isomers [54]. There is good agreement between the
nuclear hyperfine splittings observed in the CW and rapid-scan spectra [54]. The smaller
splittings are better resolved in the rapid-scan absorption spectrum (Fig. 7.3C) than in the
first integral of the CW spectrum (Figure 7.3B), because the high modulation amplitude
and power used to obtain the CW spectrum broadened the lines. Since magnetic field
modulation is not used to record the rapid-scan spectrum, this source of line broadening
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is avoided.

The time on resonance is shorter for rapid-scan than for CW, so higher

microwave B1 can be used without causing power broadening [101]. However, the
spectra in Figure 7.3 were obtained by the two methods with about the same B1. Further
improvement in the S/N for the rapid-scan spectrum could have been achieved by using
higher power.

Figure 7.3. Comparison of CW and rapid-scan spectra of BMPO-OOH in solution with a
O2•- production rate of 6 µM/min, recorded 10 min after mixing reagents. O2•- was
produced by a mixture of hypoxanthine/xanthine oxidase. A) CW spectrum obtained with
55 G sweep width, 0.75 G modulation amplitude, single 42 s scan, 20 ms time constant,
and 20 mW (B1 = 170 mG) microwave power. B) The first integral of spectrum in part A.
C) Deconvolved rapid-scan spectrum obtained with 55 G scan width, 51 kHz scan
frequency, 20 mW (B1 = 150 mG) microwave power, 100 k averages with one cycle
averaged, and a total time of ~4 seconds.
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CW and rapid-scan spectra in Figure 7.4 were obtained in 30 s of data acquisition
time for a formation rate of 0.1 µM/min O2•-, which is 60 times lower than the superoxide
formation rate in Figure 7.3. In the CW spectrum (Figure 7.4A) there is barely a hint of
the BMPO-OOH signal. By contrast the rapid-scan spectrum in the same 30 s of data
acquisition time has a signal-to-noise of about 10 (Figure 7.4B). Based on the comparison
in Figure 7.4, it is evident that rapid-scan EPR permits detection of BMPO-OOH with
good lineshape fidelity at low production rates that are inaccessible by CW EPR in the
same data acquisition time. The ability of rapid-scan EPR to collect high S/N data in a
short amount of time relative to CW will allow for higher resolution in time dependent
EPR experiments and be very important for EPR imaging.

Figure 7.4. Comparison of CW and rapid-scan spectra of BMPO-OOH in solution with a
O2•- production rate of 0.1 µM/min, recorded 10 min after mixing reagents. The
concentration of BMPO-OOH is ~0.3 µM. A) CW spectrum obtained with 55 G sweep
width, 0.75 G modulation amplitude, single 30 s scan, 15 ms conversion time, 10 ms time
constant, and 20 mW (B1 = 170 mG) microwave power. B) Deconvolved rapid-scan
spectrum obtained with 55 G scan width, 51 kHz scan frequency, 53 mW (B1 = 250 mG)
microwave power, segments consisting of 12 sinusoidal cycles were averaged 100k times
with a total data acquisition time of ~30 seconds.
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Rapid-scan EPR was applied to a bacterial system, the extracellular production of
O2•- by E. faecalis, at a rate of 0.1 nmoles/min per 1.0x106 CFU/mL (Figure 7.5). At this
rate of O2•- production it was difficult to determine whether the EPR spectrum of BMPOOOH was present in the CW spectrum (Figure 7.5A). By contrast the characteristic
BMPO-OOH signal is clearly discernible in the rapid-scan spectrum with a signal-tonoise of about 42 (Figure 7.5B). The data in Figure 7.5 demonstrate the improved
sensitivity of rapid-scan relative to CW EPR in a living system.

There are several reasons why rapid-scan yields better S/N than CW EPR. (i) In
every scan the full amplitude of the signal is detected by rapid-scan, unlike conventional
spectroscopy where the signal amplitude that is detected is limited by the modulation
amplitude and increasing the modulation amplitude causes broadening of the line. (ii) In
the rapid-scan spectrum the magnetic field is on resonance for a shorter period of time
than in the conventional CW spectrum so higher microwave power can be used without
saturation of the signal [38, 73, 101]. (iii) In the rapid-scans the absorption and dispersion
signal are combined, which gives up to a 2 improvement in signal-to-noise [94]. The net
result of these factors is a major improvement in S/N that is especially important at low
radical concentrations. As shown in Fig. 7.4 and 7.5, improved S/N can make the
difference between detecting and not detecting an EPR signal. In addition, if the S/N is
the same, the number of spins can be calculated from the absorption spectrum about
twice as accurately as from the first derivative signal [46].
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Figure 7.5. Comparison of CW and rapid-scan spectra of BMPO-OOH in a suspension of
E. faecalis with 2x106 CFU/mL and a O2•- production rate of 0.2 μM/min, recorded 10
min after mixing reagents. The concentration of BMPO-OOH is ~0.5 µM. A) CW
spectrum obtained with 55 G sweep width, 0.75 G modulation amplitude, single 30 s
scan, 15 ms conversion time, 10 ms time constant, and 20 mW (B1 = 170 mG) microwave
power. B) Deconvolved rapid-scan spectrum obtained with 55 G scan width, 51 kHz
scan frequency, 53 mW (B1 = 250 mG) microwave power, segments consisting of 12
sinusoidal cycles were averaged 100k times, with a total data acquisition time of ~30
seconds.
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7.2 Applying EPR to study spin trapped radicals in plasmas.
7.2.1. Introduction
The experiments discussed in this section are a result of a collaboration with Dr.
Mark Golkowski’s group at University of Colorado-Denver. Graduate student Reed
Plimpton and others built the nonthermal plasma apparatus.

My role was the

spectroscopy and data analysis. The results of these experiments were reported in our
2013 paper [129].
Nonthermal plasmas and their use within the biomedical community are subjects
of increasing clinical and industrial attention with a multitude of specific device designs
described in the literature [130-132]. Due to the short-lived nature of many of the
chemical species produced in nonthermal plasma discharges, most apparatuses are
engineered for so-called direct exposure, where the plasma discharge is in direct contact
or very close proximity to the biological sample [133].

A few configurations, however,

have explored the so-called indirect exposure approach where an atmospheric pressure air
stream passes through a plasma discharge and only later makes contact with a biological
sample (Watts et al., 2006; Gołkowski et al., 2012; Liu et al., 2008). The advantages
offered by the indirect method of delivery include independence from surface geometry,
removal of patient and operator from proximity to the plasma discharge, as well as more
flexibility in the adjustment of operating parameters.
Despite the growing number of documented experiments, a pressing issue facing
the biomedical exploitation of nonthermal plasmas is the need to understand the chemical
and biological processes induced in the cell/tissue environment. Efforts to explore these
mechanisms have mostly concentrated on down-stream indicators of efficacy such as
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bacterial inactivation percentages, absence of gross pathological complication, direct
tissue and wound metrics, or optical observations of treated cells [134, 135]. There is
growing interest in exploring biochemical mechanisms and kinematics of nonthermal
plasma exposures [136, 137]. The efforts to understand nonthermal plasma chemistry
have paralleled the identification of the primary species of interest for therapeutic effect.
The diversity of bacteria in the clinical environment offers the prospect of situationspecific application of a plasma device [138, 139]. Specifically, different families of
reactive species are found to provide differing bactericidal efficacies as a function of the
infection strain or application environment [140].

The use of indirect nonthermal

plasma-based devices introduces a range of potential parameters, in addition to the
electrical properties of the plasma, for the engineering of the plasma induced chemical
cocktail [141].
Though numerical simulation of the reactive plasma-created species is a wellestablished research tool, comparatively little direct observational data specific to their
medical use at atmospheric pressure is available [142]. The primary difficulty of these
measurements relates to the short lifetimes of the more reactive species as well as a broad
array of species and simultaneous reactions present. Recent advances in spectroscopic
technology have allowed for broadband and near-real-time measurements of the plasma
treated atmospheric pressure air streams [143, 144]. In particular, the ability of EPR
spectroscopy to identify specific short lived radicals offers a new avenue for the direct
measurement of surface and liquid contact chemistry involved in nonthermal plasma
interactions [145, 146]
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In this section, the chemistry induced by an indirect nonthermal plasma device
with hydrogen peroxide additives is presented [129]. Previous reports on this device
have demonstrated its ability to deliver an assortment of chemical species at a distance of
up to two meters from the plasma discharge. This low-cost design has demonstrated
sterilization results, including deactivation of spores and biofilms, comparable to direct
plasma methods as well as a lack of adverse effect on murine skin (Gołkowski et al,
2012). Here, the detection of the hydroxyl radical in the plasma induced effluent more
than a meter downstream from the discharge through the use of EPR spectroscopy is
presented. The detection is evidence for the generation of hydroxyl radicals in secondary
chemical processes away from the discharge.
7.2.2. Materials and Methods
Nonthermal Plasma Device Description.

The nonthermal plasma device

investigated in this chapter was built by Golkowski’s group and is a modified version of
the hardware described by Gołkowski [135]. The main distinction of the device from
other nonthermal plasma hardware for biological applications is the use of air as the
working gas, the addition of hydrogen peroxide, and a closed loop flow. See the paper
for further details on the components of the plasma device [129].
When operated without the addition of hydrogen peroxide, the device is known to
generate approximately 800 ppm of ozone, 20 ppm of N2O and 11 ppm of NO2.
Hydrogen peroxide was added by placing a 30% hydrogen peroxide solution in the
stream of the plasma. With the addition of the hydrogen peroxide solution, the air stream
(gas phase) concentrations change to ozone: ~350 ppm, H2O2: ~400 ppm, N2O: 11 ppm
and NO2: 11 ppm [135]. The humidity of the effluent was measured using a thermoset
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polymer capacitive sensor (HIH-5030, Honeywell) integrated into the sterilization
chamber. The closed loop flow of the device allows for the creation of conditions
significantly different from the outside atmosphere. The relative humidity was varied
from 36–75% in the presence of hydrogen peroxide/plasma mix and 22-90% in the
plasma only state (no hydrogen peroxide additive) by adding Drierite to the chamber.
The output of the humidity sensor was measured using a LabJack U3 data acquisition unit
(Lakewood, CO) and sampled at a frequency of 1 kHz.
Electron Paramagnetic Resonance Spectroscopy. 5,5-Dimethyl-1-Pyrroline-NOxide (DMPO) and diethylenetriaminepentaacetic acid (DTPA) were purchased (Sigma
Aldrich, St. Louis, MO). The spin trap 5-tert-butoxycarbonyl 5-methyl-1-pyrroline Noxide (BMPO) was a gift from Prof. Gerald Rosen, University of Maryland. Spin
trapping was performed by diverting a relatively small volume of gas (~1/5 total, Figure
7.6) and bubbling it through DMPO (50 mM) or BMPO in a sodium phosphate buffer (50
mM) containing DTPA (1 mM) for 30 seconds. The sample was briefly mixed by
vortexing, and an aliquant transferred to a 0.8 mm ID Pyrex capillary by capillary action.
The Pyrex capillary was supported in a 4 mm OD quartz EPR tube.

CW EPR spectra

were obtained on a Bruker EMX-plus X-band (9.5 GHz) EPR spectrometer with a SHQ
resonator at a Q-factor of about 3000. The time between the end of bubbling effluent into
the spin trap solution and the start of EPR signal acquisition was about 1 min. Spectra
were collected with 1.0 G modulation amplitude, 100 kHz modulation frequency, and 20
mW microwave power. For each humidity, three samples were prepared and measured
by EPR. The double integrals of the DMPO-OH spectra were compared with those of
TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) solutions ranging from 0.3–5
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µM measured under identical settings to estimate the absolute concentration of hydroxyl
spin adduct.
Studies of bacterial viability and statistical analyses were performed to further
characterize the effectiveness of plasma device. See Gowkowski’s paper for further
details on these topics [129, 135].
7.2.3. Results
Spectroscopic Analysis. The most significant result of this investigation is the
detection of the hydroxyl radical using the DMPO and BMPO spin traps. Figure 7.6
shows the comparison of the control and 30 second exposure spectra. Figure 7.6B shows
the characteristic spectrum of DMPO-OH.

Detection of the hydroxyl radical in the

delivered effluent was additionally confirmed using the BMPO spin trap (Figure 7.6C).
The points shown as blue asterisks in Figure 7.7 are the radical concentrations for the
plasma only operational mode of the device (without hydrogen peroxide additives) as a
function of relative humidity. The range of humidities examined was limited by the
engineering of the device, specifically the use of ambient air. The wick assembly and the
concentration of the hydrogen peroxide in the reservoir were constant. The radical
concentration is in the range of 1-15 ppm and increases with humidity. The increase of
radical concentration with humidity is statistically significant for both the plasma
treatments.

The radical concentration points in Figure 7.7 suggest a saturation of

concentration at around 67% humidity and a departure from a linear relationship.
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Figure 7.6 CW EPR spectra for hydroxyl radical detection. (A) Control signal, spin trap
solution without the addition of plasma. (B) DMPO-OH spectrum obtained with 1.0 G
modulation amplitude, 100 kHz modulation frequency, and 20 mW microwave power.
(C) BMPO-OH spectrum obtained with 1.0 G modulation amplitude, 100 kHz
modulation frequency, and 20 mW microwave power. Double integrals of the detected
signals for spin adducts are proportional to concentrations of hydroxyl radicals trapped.
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Figure 7.7.
humidity.

Radical concentration [OH•] measured by CW EPR as a function of

When the exposure time of the spin trap solution to the discharge effluent was
increased by a factor of four to 2 min, the oxidation of DMPO to DMPOX (5,5-dimethyl2-pyrrolidone-N-oxyl) was observed in place of the trapped radical, DMPO-OH (Figure
7.8 and 7.9). This result demonstrates the strong oxidizing ability of ozone.

The

spectrum was assigned to DMPOX by inputting the hyperfine coupling constants into the
NIH spin trap database (https://dir-apps.niehs.nih.gov/stdb/index.cfm).
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Figure 7.8. CW EPR of aqueous DMPO solution exposed to ozone-generating plasma
for 2 min, resulted in oxidation to DMPOX. Spectrum was obtained with 100 G sweep
width, 0.75 G modulation amplitude, 1 scan, 80 second scan time, 20 ms conversion time,
20 ms time constant, and 20 mW microwave power.

Figure 7.9. CW spectrum was obtained with 100 G sweep width, 0.75 G modulation
amplitude, 1 average, 80 second scan time, 20 ms conversion time, 20 ms time constant,
and 20 mW microwave power. Signal is a mixture of DMPO-OH and oxidized DMPO
(DMPOX).
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7.2.4. Discussion
Hydroxyl radical detection. An often cited disadvantage of the indirect delivery of
plasma effluent is the perceived preclusion of delivering short-lived reactive species such
as the radicals produced in a discharge. The EPR spin trapping experiments demonstrate
that hydroxyl radical (OH) is present in the solutions that are treated with the plasma
effluent, which raises the question of the source for the radicals. Hydroxyl radical is a
reactive oxygen species (ROS) that is created in nonthermal plasmas [147] and is short
lived, with an average gas-phase lifetime of one second [148]. The device described in
this report has an indirect delivery of effluent with ~1.5 meters between the discharge
source and spin trap solution where the hydroxyl radical is detected. Because of this
distance, it is unlikely that hydroxyl radicals created in the plasma discharge reach the
spin trap solution to be detected by EPR. It is more likely that the trapped radicals are
generated by secondary reactions of the species formed in the discharge.
As stated previously, the non-thermal discharge produces 800 ppm ozone, 20 ppm
of N2O and 11 ppm of NO2. The decrease in ozone concentration upon the addition of
H2O2 [135] is attributed to elevated water concentration in the air stream that is passed
through the discharge and has been documented to decrease ozone production. In the
discharge, breakdown of water generates H., H2, H2O2, H3O+, and OH- [149, 150].
However, Gołkowski et al. (2012) have shown that for this device, negligible amounts of
H2O2 are generated directly in the DBD suggesting that water molecules are not directly
dissociated in significant quantity.
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Although ozone in the effluent decreases with increasing humidity, hydroxyl
radical production increases with increasing humidity. Therefore, water is a key part of
the mechanism of hydroxyl radical production. The water content is constant at the point
where the discharge is bubbled into the spin trap solution. Thus, the dependence of OH
on humidity suggests that the chemistry relevant to hydroxyl production occurs in the gas
phase before the discharge stream reaches the spin trap solution.
A possible mechanism [151] is the aqueous chemistry of ozone shown in
Equation 7.3 and 7.4.

O3 e O3

k=3.6x1010 L mol–1 s–1 (7.3)

O3  H2O OH OH O2

k=15 L mol–1 s–1 (7.4)

It is proposed that ozonide
 is produced in the discharge through Equation (7.3) or
additionally through reaction with ozone and the superoxide radical. Because of



ozonide’s relatively slow reaction with water (Equation (7.4)), and relatively long
lifetime of several seconds the ozonide may travel the ~1.5 meter path before reacting
with water to form the hydroxyl radical that is detected in the spin trap solution. The
lifetime of ozonide and the likelihood of the process of Equations (7.3) and (7.4) is
increased in the presence of water, including microscopic water droplets.

The

concentration of water in the closed loop flow is significant, and although the bulk
humidity never reached 100% in our tests, it is possible that the local humidity may have
been higher allowing aerosol-type droplets to form. Water thus plays the dual role of
reacting directly with ozonide in Equation (7.4) and also extending the lifetime of the
ozonide anion in the system.
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Ozone is also a strong oxidizer. Figures 7.8 and 7.9 showed that the oxidation of
DMPO to DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl) was observed instead of the
trapped radical, DMPO-OH when DMPO was exposed to ozone for 2 min. This shows
that increasing ozone could have competing effects – generation of hydroxyl radicals and
destruction of the spin trap.
When H2O2 is added to the discharge system, both ozone and H2O2 are present in
the effluent. Ozone can react with H2O2 to form hydroxyl radical in what is commonly
designated as peroxone chemistry [152, 153], although there is uncertainty about the
stoichiometry of the reaction. This reaction could be an additional source of hydroxyl
radicals in the spin trapping solution.

The similarity in concentrations of trapped

hydroxyl radicals in the presence and absence of H2O2 suggests that peroxone chemistry
is not the dominant contribution to formation of trapped radicals.
When H2O2 is added to the discharge system, the reaction of H2O2 with Fe2+/Fe3+
(Fenton chemistry) also may play a role in generation of hydroxyl radicals. The solutions
for the trapping experiments did not contain intentional iron and contained the chelator
DTPA to decrease the availability of adventitious iron, so Fenton chemistry is unlikely to
contribute to hydroxyl radical formation in the spin trapping solutions.
It is important to note that spin trapping experiments only capture a small fraction
of the radicals present. The actual concentration of OH delivered to the treatment site is
significantly higher than the ppm values reported in Figure 7.7 Although it is impossible
to unequivocally exclude other more elaborate mechanisms of hydroxyl radical
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production, the mechanisms described are the most likely in the context of our observed
delivery of hydroxyl radicals at a significant distance from the discharge.
Conclusion. The direct observation of hydroxyl radical delivery to a remote
treatment site more than a meter from the plasma discharge was reported for the first time
in our paper [129]. Secondary reactions of stable (ozone) and semi-stable (ozonide)
species present in the device effluent provide the proposed mechanism for the production
of ·OH.
Future work will include expansion of humidity and spectroscopic measurements
to more fully probe the humidity dependence of other species, especially potential
contributions from the hydroperoxyl pathways at the higher operational humidity levels.
This study focused on the hydroxyl radical, but a similar investigation could be
performed for the equally biologically and medically significant nitric oxide (NO)
radical.

Optimization of plasma induced chemical cocktails for specific medical

treatments and therapies is feasible even for setups where the discharge is removed from
the sample.
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Chapter 8: Quartz as a S/N standard for pulse EPR.
8.1 Introduction
For CW EPR, the weak pitch sample has long been the standard for spectrometer
quality assurance [154]. Early in the development of pulsed EPR, an irradiated (24
MRad, 240 kGy) fused quartz sample was proposed as a standard [86]. Improvements in
spectrometer sensitivity, and the continued use of 8-bit digitizers necessitate a
replacement standard with a weaker signal to define signal amplitude and noise for a
single echo. One such sample is a 2 mm diameter, 10 mm long fused quartz rod
irradiated to 1 kGy. This small sample has utility for a variety of measurements. For
resonators that use standard 4 mm o.d. sample tubes (at X-band or lower frequency), a
long 4 mm o.d. rod of irradiated (261 Gy) fused quartz can be positioned reproducibly
more easily than the small cylinder. With the increasing importance of Q-band pulsed
EPR, a standard for Q-band is also needed. A 1.6 mm o.d. rod irradiated to 261 Gy was
produced for this purpose. The pair of samples permits comparison of X-band and Qband pulsed EPR performance, monitoring performance of pulsed EPR spectrometers as
a function of time to be sure of continued good performance, and for interlaboratory
comparisons. The 1.6 mm o.d. and 4 mm o.d. 261 Gy fused quartz rods are commercially
available from Wilmad.
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8.2 Methods
Samples. The 100 mm long, 4 mm o.d. and 1.6 mm o.d. fused quartz rods were
irradiated by NIST to a dose of 261 Gy with

60

Co gamma (Figure 8.1). Defect levels

were chosen to give X-band S/N in a useful range for single spin echoes. The dimensions
are selected to fit Bruker FlexLine X-band and Q-band EPR resonators, but they can be
used with other resonators for quality tests. A set of 6 samples labeled 1–6 was studied at
X-band. A set of 7 samples labeled 1–7 was studied at Q-band.

a

b

Figure 8.1. Q-band (a) and X-band (b) irradiated quartz samples in Bruker FlexLine
sample holders.
Spectroscopy. X-band S/N measurements of the spin-echo were made with both
the ER4118 X-MD5 dielectric resonator (empty-critically-coupled Q~10,000) and the
ER4118 X-MS5 split-ring resonator (empty-critically-coupled Q~2000) on the E580, and
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with the ER4118 X-MS5 split-ring resonator on the homebuilt ESE (only sample #1 was
measured for the homebuilt ESE).

The sample was positioned to extend through the

resonator. The sample was rotated to the position that gave the highest microwave
frequency. On the E580, the 2-pulse spin echo was created using the graphical user
interface “Easy” software. The echo was digitized via XEPR, and then transferred to
Excel or Matlab to perform S/N measurements. The noise reported is the standard
deviation of a portion of the baseline after the echo. For the homebuilt ESE, not as many
replicates for the measurement were made, but the S/N was ~29 for a gain=20, Q~400,
BW=20 MHz, and π/2=20 ns.
Resonator Q was measured by pulse ringdown, and the coupling was adjusted to
give about the same Q for each of the measurements.
Ralph Weber and Carl Patrick independently measured S/N measurements of the
261 Gray irradiated fused quartz samples at both X and Q-band.
Several recommendations are given by the Eaton lab when using one of these
samples to test a pulse spectrometer including: 1.) Select a reproducible sample position
by rotating the sample to the position at which the resonator frequency is the highest. 2.)
Overcouple the resonator to a Q of about 425 to 450 and measure the Q by ringdown
after a pulse. 3.) Create a spin echo with 40 and 80 ns π/2 and π pulses, separated by 1
microsecond. 4.) Use a pulse repetition rate of 2 ms or longer. 5.) Select the magnetic
field to give the maximum spin echo. 6.) use a detector bandwidth of 20 MHz. 7.)
Digitize a single echo and several microseconds of baseline after the echo.

When

applying these recommendations to Q-band, the only main difference is the overcoupling.
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A Q-band resonator may only be able to be overcoupled to 650, but simply use the
maximum overcoupling setting.
8.3 Results and Discussion
Figure 8.2 is an example of an X-band field-swept echo detected spectrum for the
irradiated quartz signal-to-noise standard. Figure 8.3 is an echo of the same sample,
which is an example of the type of spectrum used to calculate S/N values.
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Figure 8.2. X-band field-swept echo of a 261 Gy irradiated quartz sample obtained using
a Bruker E580 with π/2=40 ns @ 4 dB power attenuation, d1=1000 ns, SRT=2 ms,1 scan
with 4-step phase cycling, 5 shots/point, Q~425, and 20 MHz bandwidth.
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Figure 8.3. X-band spin-echo of a 4 mm 261 Gy irradiated quartz sample obtained using
a Bruker E580 with π/2=40 ns @ 16 dB power attenuation, dx=400 ns, SRT=2
ms,Q~425, and 20 MHz bandwidth. 1 scan, S/N= 27.
Figure 8.4 and 8.5 are Q-band field-swept echo and spin-echo spectra of the
irradiated quartz sample respectively.
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Figure 8.4. Q-band field-swept echo of a 261 Gy irradiated quartz sample obtained using
a Bruker E580 with π/2=40 ns @ 4 dB power, d1=1000 ns, SRT=2 ms, 1 scan with 4-step
phase cycling, 5 shots/point, Q~650, d1=1000 and 20 MHz bandwidth.

168

Intensity (a.u.)

2000

1500

1000

500

0
0

500

1000

1500

2000

Time (ns)

Figure 8.5. Figure 4. Q-band spin-echo echo of a 261 Gy irradiated quartz sample
obtained using a Bruker E580 with π/2=40 ns @ 4 dB power, d1=1000 ns, dx=400 ns,
SRT=2 ms,Q~650, and 20 MHz bandwidth. S/N was calculated with 16 averages, and
S/N value was divided by 4. 1 scan, S/N=74.
Table 8.1 summarizes the S/N values obtained with six different irradiated quartz
samples on the E580 with a 90o pulse of 20 ns. Table 8.2 summarizes the S/N values
obtained with six different irradiated quartz samples on the E580 with a 90o pulse of 40
ns.
Table 8.1. X-band spin-echo S/N measurements of six 4 mm 261 Gy irradiated quartz
samples with the dielectric resonator (MD5). The Q was ~450. π/2 = 20 ns @ 16 dB
pulse power attenuation. The MW bandwidth was 20 MHz for all measurements in the
table below. The MW amplifier was turned ON. Standard deviations (stdev) and
confidence intervals (CI) are also listed.
1
2
3
4
5
6
Sample
Average S/N

30

30

28

33

29

30

Stdev

4

2

1

3

4

3

CI

3

2

1

2

3

2
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Table 8.2. X-band spin-echo S/N measurements of six 4 mm 261 Gy irradiated quartz
samples with the dielectric resonator (MD5). The Q was ~450. π/2 = 40 ns @ 22 dB
pulse power attenuation. The MW bandwidth was 20 MHz for all measurements in the
table below. The MW amplifier was turned ON. Standard deviations (stdev) and
confidence intervals (CI) are also listed.
1
2
3
4
5
6
Sample
Average S/N

32

27

24

33

25

25

Stdev

3

3

2

3

3

2

CI

5

4

3

5

4

3

The average S/N for all samples with the dielectric resonator is ~30 for π/2=20 ns
and ~27 for π/2=40 ns.

S/N measurements were also collected with the split ring

resonator (Table 8.3–8.4). This resonator is much more sensitive to sample positioning.
The sample was rotated to the highest possible frequency. For the split-ring resonator,
the average for S/N for all six samples is ~25 for π/2=20 ns and ~22 for π/2=40 ns. Thus,
the dielectric resonator has a 17% increase in S/N for π/2=20 ns and a 20% increase for
π/2=40 ns. A summary of measurements at X and Q-band is shown in Table 8.6.

Table 8.3. X-band spin-echo S/N measurements of six 4 mm 261 Gy irradiated quartz
samples with the split-ring resonator (MS5). The Q for ~425. π/2 = 20 ns @ 16 dB pulse
power attenuation. The MW bandwidth was 20 MHz for all measurements in the table
below. The MW amplifier was turned ON. Standard deviations (stdev) and confidence
intervals (CI) are also listed.
1
2
3
4
5
6
Sample
Average S/N

27

27

22

26

23

24

stdev

2

3

3

3

3

2

CI

1

2

1

1

1

1
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Table 8.4. X-band spin-echo S/N measurements of six 4 mm 261 Gy irradiated quartz
samples with the split-ring resonator (MS5). The Q for ~440. π/2 = 40 ns @ 23 dB pulse
power attenuation. The MW bandwidth was 20 MHz for all measurements in the table
below. The MW amplifier was turned ON. Standard deviations (stdev) and confidence
intervals (CI) are also listed.
1
2
3
4
5
6
Sample
Average S/N

26

24

20

21

21

20

Stdev

3

3

2

3

3

2

CI

5

4

3

5

4

3

Table 8.5 is a summary of the Q-band S/N measurements of the spin-echo with
the Q-band ER 5107D2 0602 resonator. These experiments were ran with π/2 = 40 ns
because of present limitations with pulse power (the spectrometer has a 1 Watt amplifier).

Table 8.5. Q-band spin-echo S/N measurements of six 4 mm 261 Gy irradiated quartz
samples with the Q-band ER 5107D2 0602 resonator. The Q for these measurements was
~650. π/2 = 40 ns @ 4 dB pulse power attenuation. The MW bandwidth was 20 MHz
for all measurements in the table below. S/N values were calculated with 16 averages,
and S/N value was divided by 4. The S/N was too high to yield well-defined noise with
single pulses, so 16 averages were used to increase the effective number of bits. Standard
deviations (stdev) and confidence intervals (CI) are also listed.
Sample

1

2

3

4

5

6

7

average

71

66

73

69

79

74

81

stdev

8

4

6

10

13

3

8

CI

12

6

9

16

21

5

12

The average S/N for the quartz sample at Q-band is ~73. The S/N at Q-band is
about 2.4 times the S/N at X-band. A summary of both the Q-band and X-band S/N
measurements is given in Table 8.6.
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Table 8.6. Summary of S/N measurements for four different resonators.
deviations (stdev) and confidence intervals (CI) are also listed.

Standard

E580:

E580:

E580: Split

E580:

HB ESE:

Q-

dielectric

dielectric

Ring

Split Ring

split-ring

band

Resonator Q

450

450

425

440

400

650

Detector BW

20

20

20

20

20

20

π/2 pulse

20

40

20

40

20

40

S/N

30

27

24

22

29

73

Table 8.7 is a summary of the S/N measurements made by Bruker. Tables 8
and 8.9 summarize the comparison between Denver and Bruker.

Table 8.7. Summary of S/N measurements for four different resonators obtained by
Bruker Biospin.
R.W.

R.W.

MS5

MD5

Resonator Q

450

450

Detector BW

20

π/2 pulse
S/N

C.P. MS5

C.P.

C.P. Q-

C.P. Q-

Prague

band

band

440

440

630

630

20

20

20

20

20

20

40

20

40

20

40

14

21

23

22

72

51
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Table 8.8. Interlaboratorya comparison of spectrometer performance (S/N) with
irradiated fused quartz samples.
‘Suggested conditions’ were used for these
measurements.
R.W.

Denver

C.P.

Denver

C.P. Q-

Denver Q-

MD5

MD5

MS5

MS5

band

band

Resonator Q

450

450

440

425

630

650

Detector BW

20

20

20

20

20

20

π/2 pulse

40

20

20

20

40

40

S/N

21

30

23

24

51

73

a

R.W is Ralph Weber, Bruker BioSpin Billerica and C.P. is Carl Patrick, Bruker BioSpin
Germany

Table 8.9. Interlaboratory comparison of spectrometer performance (S/N) with
irradiated fused quartz samples.
‘Suggested conditions’ were used for these
measurements.
Resonator

Denver

Bruker (Billerica)

Bruker (Germany)

ER4118X-MD5

27

21

–

ER4118X-MS5

22

14

23

ER5107D2

73

–

51

Conclusion. A standard with a weaker signal (compared with the 240 kGy
irradiated fused quartz sample) is needed to define signal amplitude and noise for a single
echo. A 261 Gy irradiated fused quartz sample can be used as a signal-to-noise standard
for pulse EPR at both X and Q-band. These irradiated fused quartz rods are useful for
monitoring performance of pulsed EPR spectrometers as a function of time to be sure of
continued good performance, and for interlaboratory comparisons.
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Chapter 9: The “Unfinished” chapter
Introduction. This chapter is devoted to the experiments that were begun, but
were not finished.

The goal of this chapter is to be a starting point for future

experimentalists who would like to continue this work. While every chapter of this
dissertation could be added upon, these are topics that did not easily fit into any of the
other chapters.

Two of these projects were performed in collaboration with

undergraduate students working in the Eaton group.

9.1. Cr doped in K3NbO8
9.1.1. Introduction
In an effort to find a standard for dosimetry experiments at L-band, Cr doped in
K3NbO8 was synthesized.

The main criteria for a dosimetry standard is a g-value

different that is sufficiently different from g ~ 2 so that the spectra of the standard and the
sample of interest (irradiated teeth) do not overlap. Cr doped into K3NbO8 has been
previously used as a g-factor, spin concentration, and field calibration standard for high
field EPR spectroscopy [155]. Cr(V) samples are of interest because they possess gvalues from 1.943–1.986, which is a substantial difference when performing experiments
at relatively high fields. X-band and L-band CW EPR spectra of single crystals of Cr
doped in K3NbO8 were obtained. The EPR spectra of these crystals were strongly
dependent on the orientation of the crystal relative to the B0 field, which agreed with
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literature [155].

This project was done jointly with Jackie Toomey. Syntheses were

done primarily by Jackie. My role was supervision and assistance with spectroscopy.
9.1.2. Methods
Samples. Cr doped into K3NbO8 was synthesized based on the procedures in the
literature [155, 156].

Yellow single crystals of 0.5 % Cr doped in K3NbO8 were

obtained. Several methods of analyzing the crystals were attempted including crushing
the single crystals of Cr doped in K3NbO8 as well as growing very small crystals of this
material to make a sample that was not as orientation dependent. Neither approach was
successful because many small crystallite particles did not give a clean EPR spectrum.
When the crystals were ground until they became a fine powder, a chemical change
occurred and a signal was no longer observed.
K3NbO8 with no Cr added was prepared following a similar procedure as
previously described.

Larger crystals of the K3NbO8 that did not have any Cr added

were grown.
Spectroscopy. Both X-Band and L-Band CW EPR spectra were obtained of this
Cr standard along with a 15 Gy irradiated tooth sample. X-band experiments were
performed on the EMX-plus and L-band spectra were collected on the multi-frequency
spectrometer.
9.1.3. Results and Discussion
X-band. Figure 9.1 is the CW spectrum of a 0.5 % Cr doped in K3NbO8 single
yellow crystal aligned vertically in the EPR tube so that the long axis is perpendicular to
the external magnetic field.
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jt79275, Cr doped in K3NbO8 2nd Synthesis Large Crystal
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Figure 9.1. 9.4 GHz CW spectrum of Cr doped in K3NbO8 long axis aligned
perpendicular to B0. 20 mW power, 0.5 G modulation amplitude, 10 scans, 3397.5 G
center field. Circled with a dashed line is a peak most likely due to a defect center in the
crystal structure, g = 2.0027. The linewidth for the center and 53Cr hyperfine lines is ~1.5
G.

The peak in the center of the spectrum is due to isotopes of Cr with I = 0. The
four peaks that area approximately symmetrically positioned about the center are due to
53

Cr with I = 3/2. The peak occurring at the lowest field is due to a defect center. This

experimental spectrum

matches fairly well with to the spectrum in a previously

published paper [155].

This comparison between literature and experiment is also

summarized in Table 9.1. The presence of the extra peak observed in the spectrum
cannot be confirmed by the literature spectrum because it is out of the range of the data in
the literature.
Figure 9.2 is a CW spectrum of a crystal with its long axis aligned parallel to the
B0 magnetic field.
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jt79284, Cr doped in K3NbO8 2nd Synthesis Large Crystal
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Figure 9.2. 9.4 GHz CW spectrum of Cr doped in K3NbO8. 20 mW power, 0.5 G
modulation amplitude, 10 scans, 3457.5 G center field. The linewidth for the center and
hyperfine peaks is ~1.5 G.
When the crystal is aligned parallel, the g value changed significantly (g
1.9855, g

1.9434). Also, when the crystal was aligned parallel to the magnetic field,

the extra peak (hypothesized to be due to a defect center) was no longer evident. Figure
9.2 also matches with the spectrum in the literature for the crystal aligned parallel to the
Zeeman field, which is summarized in Table 9.1.
The orientation dependence was further studied by crushing the Cr doped in
K3NbO8 crystals into smaller pieces, and recording a CW spectrum (Figure 9.3).
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jt79274, Cr doped in K3NbO8 Powder 2nd Synthesis
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Figure 9.3. 9.4 GHz CW spectrum of crushed Cr doped in K3NbO8. 20 mW power, 0.5
G modulation amplitude, 10 scans. The linewidth for the center and hyperfine peaks is
~1.5 G.
From Figure 9.3 it is evident that the CW spectra of Cr doped in K3NbO8 is highly
orientation dependent and although the sample was crushed, this spectrum looks to be a
mixture of crystallite particles with different orientations.

To achieve a more

homogeneous sample, the sample was crushed even more until the sample became a
powder. Unfortunately, when the sample was ground into a powder, the S/N decreased
significantly (Figure 9.4). It is possible that some type of chemical change occurred
while the sample was ground vigorously.
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jt79294, Background in Quartz Tube
15

Intensity (a.u.)

10

5

0

-5
3300

3350

3400
B Field (Gauss)

3450

Figure 9.4. 9.4 GHz CW spectrum of powder Cr doped in K3NbO8. 20 mW power, 0.5
G modulation amplitude, 10 scans, g= 1.9851. The linewidth for the center and hyperfine
peaks is ~1.5 G.
The g value for the powder sample also matched up with the literature value
(Table 9.1). The powder sample has the advantage that it is more homogeneous and less
orientation dependent, however, the S/N seems to be lower for the powder sample
compared to the single crystal sample, so more sample may be required if this were to be
used as a standard in the dosimetry experiments.
Table 9.1. Comparison of g and A values for 0.5% Cr doped in K3NbO8.
Single Crystal

Crystal Lit Value

Powder

Powder Lit Value

g

1.9855

1.9851

1.9851

1.98508

g

1.9434

1.9427

—

—

A

11.36

11.49

—

—

A

39.80

39.56

—

—

53

53
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To understand the source of the extra peak that was observed in Figure 9.1,
K3NbO8 with no Cr added was prepared. CW spectra of bulk (several crystals) K3NbO8
w/o Cr was measured with X-band EPR spectroscopy (Figure 9.5). The bulk K3NbO8 has
a large EPR signal, that looks very similar to the EPR spectra of crushed Cr doped in
K3NbO8 (see Figure 9.3).
jt79297, Plain K3NbO8-Bulk
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Figure 9.5. 9.4 GHz CW spectrum of bulk K3NbO8. 20 mW power, 0.5 G modulation
amplitude, 10 scans, g= 1.9851 (for main peak). The linewidth for the center and
hyperfine peaks is ~1.5 G.

Chromium is known to be an impurity in high purity niobium compounds [157,
158].

Chromium is a relevant trace impurity in niobium because chromium has a

relatively high overall concentration in nature which is difficult to remove completely by
certain purification procedures. An average of about 10 ppb Cr was found in the niobium
oxide in materials that were labeled “super pure.”
Larger crystals of the K3NbO8 that did not have any Cr added were grown. The
CW EPR spectrum for K3NbO8 crystal oriented perpendicular to the field can be seen in
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Figure 9.6. For this sample, the small extra peak that was evident in the K3NbO8 that had
Cr doped into it (Figure 9.1) was not observed.

The source of the extra peak in Figure

9.1 is unknown. There is a possibility that the extra peak observed in Figure 9.1 is a
defect center that was only visible when the Cr had been added. The S/N for the
spectrum in Figure 9.6 is lower than that of Figure 9.1, which should be expected because
the sample for Figure 9.6 did not have any Cr added.
jt79501, K3NbO8 with no Cr added
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Figure 9.6. 9.4 GHz CW spectrum of Cr in plain K3NbO8 with long axis aligned
perpendicular to B0. 2.0 mW power, 0.75 G modulation amplitude, 20 scans, 3398.27 G
center field. The linewidth for the center and hyperfine peaks is ~1.5 G.
The plain K3NbO8 crystal also was oriented parallel to the B0 magnetic field
(Figure 9.7 & 9.8). The crystal orientation represented by Figure 9.7 is probably not
quite parallel to B0, because the hyperfine coupling constants are not quite as large as
what has been reported in the literature (A=35 vs literature A=39.5)
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jt79505, K3NbO8 (parallel to B0) with no Cr added
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Figure 9.7. 9.4 GHz CW spectrum of a plain K3NbO8 crystal oriented almost parallel to
B0. 2.0 mW power, 0.75 G modulation amplitude, 20 scans, 3447.5 G center field. The
linewidth for the center and hyperfine peaks is ~1.5 G.
jt79507, K3NbO8 (parallel to B0) with no Cr added
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Figure 9.8. 9.4 GHz CW spectrum of a plain K3NbO8 crystal oriented close to parallel to
B0. 2.0 mW power, 0.75 G modulation amplitude, 20 scans, 3447.5 G center field. The
linewidth value for the center and side peaks is ~1.5 G.

The crystal orientation for the data in Figure 9.8 is close to a parallel position, but
not exactly. Hyperfine values are close to the literature (A=38.1, Alit=39.56), but a little
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smaller. The reason for this discrepancy is probably because the crystal was not oriented
exactly parallel to the magnetic field.
L-band. An L-band spectrum of the chromium (doped in K3NbO8 ) spectrum at
1.5 GHz is shown in Figure 9.9. The g value at L-band for the center line was 1.984,
which is very close to the g value of 1.985 that was measured at X-Band. DPPH was
used as a g-value standard.
The smaller peaks due to the

53

Cr isotope are not visible either due to the large

amount of noise in the EPR spectrum (Figure 9.9) or the Breit Rabi effect [15].
dm79162, L-Band K3NbO8 (perpendicular to B0) with no Cr added
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Figure 9.9. 1.543721 GHz CW spectrum of Cr doped in K3NbO8 with long axis aligned
perpendicular to B0 (aligned vertically in tube). 5.0 mW power, ~0.8 G modulation
amplitude (not calibrated), 24 scans, 557 G center field. The linewidth is ~1.5 G. The gvalue~1.984

X-band EPR of Cr doped in K3NbO8 compared with irradiated Teeth. Figure 9.10
is an X-band EPR spectrum of a 15Gy irradiated tooth sample alongside a Cr doped in
K3NbO8 crystal, which was used as a standard. This particular crystal of Cr doped in
K3NbO8 is a good standard for CW EPR of irradiated teeth because the two samples have
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similar strength, and therefore similar S/N. (This is the same crystal of Cr doped in
K3NbO8 that was used for Figure 9.2.)
dm79509, K3NbO8 (perpendicular to B0 and Irradiated Teeth) with no Cr added
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Figure 9.10. 9.4 GHz CW spectrum of 15 Gy irradiated teeth and a Cr doped in K3NbO8
crystal oriented perpendicular to B0 (vertical in the EPR tube). 0.20 mW power, 1.0 G
modulation amplitude, 10 scans, 3385 G center field, and 100 G sweep width. The
linewidth for the teeth is 14 G for the entire signal and 4 G for the inner linewidth. The
linewidth for the Cr is ~1.5 G.

The g value for the signal from the irradiated tooth sample is 2.002, while the g
values for the K3NbO8 sample were about the same as the g values listed in Table 9.1. At
X-band the signals from the standard and the irradiated tooth sample do not overlap. The
only disadvantage for using the Cr in K3NbO8 sample oriented vertically in the tube (axis
of the crystal perpendicular to the field) as a standard, is that the lowest field chromium
hyperfine peak has a position close to that of the tooth (1.995) sample, so that the peaks
slightly overlap. When this crystal is oriented parallel to the B0 magnetic field, there is a
~60 G shift of the center field to higher fields. For the parallel orientation, there is much
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less of an overlap of the tooth signal and the Cr signal, however, it is much more difficult
to reproducibly align the axis of the crystal parallel to the B0 field compared to the
perpendicular orientation. This is because it is easier to align a crystal vertically in an
EPR tube rather than align a horizontal crystal exactly parallel to the B0 field. The
difficulty of properly aligning the crystal parallel to the magnetic field is an important
consideration and could be reason not to use the Cr doped in K3NbO8 crystals as a
standard for dosimetry experiments.
L-band EPR of Cr doped in K3NbO8 and Teeth. Figure 9.11 is an L-Band EPR
spectrum of the Cr doped in K3NbO8 and 15 Gy irradiated tooth sample.

The same

sample that was used for Figure 9.10 was used for Figure 9.11 (the Cr doped in K3NbO8
was still oriented vertical in the EPR tube or perpendicular to the B0 field).
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Figure 9.11. 1.54 GHz CW spectrum of 15 Gy irradiated tooth sample and a Cr doped in
K3NbO8 crystal oriented perpendicular to B0 (vertical in the EPR tube). 5 mW power, 4.0
G modulation amplitude, 40 scans, 552 G center field, and 60 G sweep width (dm79178).
It is evident from Figure 9.11 that the Cr and tooth signals overlap substantially at
L-band, which is the field/frequency combination that currently is used for the tooth
dosimeter. The tooth signal is at a field of about 550 G, while the Cr signal is at a field of
about 555 G. As mentioned previously, the problem with the Cr doped in K3NbO8 crystal
oriented perpendicular to B0 (vertical in the EPR tube) is that there was a small amount of
overlap between the teeth and the Cr signal at X-band, which becomes a lot of overlap at
L-Band. To prevent this overlap, the crystal should be oriented parallel to the B0 field,
which is very difficult to perform reproducibly, and thus Cr doped in K3NbO8 may not be
an ideal standard for the dosimetry project.
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To show that these peaks are truly overlapping, the Cr sample was removed from
the teeth to see how this would affect the EPR spectrum (Figure 9.12). Figure 9.12
clearly shows that one of the major peaks that was removed, which was caused by the Cr
sample.

Figure 9.12. 1.54 GHz CW spectrum 15 Gy irradiated tooth sample. 5 mW power, 4.0 G
mod amp, 40 scans, 552 G center field, and 60 G sweep width (dm79179). The linewidth
is about 4 G.

9.1.4. Summary
Jackie was able to synthesize 0.5% Cr doped in K3NbO8, with spectra that
matched up with what is in the literature. The spectra of 0.5% Cr doped in K3NbO8
crystals are very dependent on the orientation of the crystal in the magnetic field. The L-
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band spectrum for this sample was also obtained. The linewidth for the Cr doped in
K3NbO8 was the same at both X-band and L-band (~1.5 G).
Powder spectra of 0.5% Cr doped in K3NbO8 are probably not a better choice for
dosimetry experiments because when the crystals are ground, there seems to be some sort
of chemical change so that the intensity of the signal decreases significantly. Thus, the
powder sample is also problematic because the spectra for this sample are dependent on
the extent that the crystals are crushed. The powder sample has the advantage that it is
more homogeneous and less orientation dependent, however, the S/N seems to be lower
for the powder sample compared to the single crystal sample, so more sample may be
required if this were to be used as a standard in the dosimetry experiments.
Jackie also prepared K3NbO8 crystals with no Cr added, which had a large Cr
signal due to a Cr impurity in the niobium oxide. These spectra matched up pretty well
with the spectra of the 0.5% Cr doped in K3NbO8 spectra.
Both X-Band and L-Band CW EPR spectra were obtained of this Cr standard with
the 15 Gy irradiated tooth sample to see if this compound can be used as a standard for
tooth dosimetry experiments. Because of the difficulties orienting this sample, as well as
the overlap of the tooth and tCr signals, this sample is most likely not the best material to
use for a standard in dosimetry experiments.

9.2. Rapid-scan at VHF
9.2.1. Introduction
To design nitroxyl radicals to be the best possible probes for in vivo EPR imaging,
one must understand all factors that contribute to improving the S/N [1]. In Biller’s 2011
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paper, patterns that guide the design and selection of nitroxyl radicals for imaging
experiments were presented.
In this section, VHF rapid-scan EPR of two nitroxyl radicals that were designed
and synthesized by Dr. Gerald Rosen are presented. The goal of this work was to
determine which of these nitroxyl radicals would be better for rapid-scan imaging at
VHF.
9.2.2 Methods
Samples. The dueterated/

15

N (referred to as RDN15) and hydrogenated

14

N

version (RSN14) of the radical shown in scheme 9.1 were synthesized by Dr. Gerald
Rosen at the University of Maryland.

Aqueous 0.18 and 0.49 mM solutions were

prepared for each of these radicals. The solution was placed in 16 mm quartz tubes.
Solutions were purged with nitrogen.

Scheme 9.1. Radical synthesized by Dr. Rosen. For RDN15, R=D and N=15N. For
RSN14, R=H and N=14N.
Spectroscopy. Rapid-scan of Dr. Rosen’s

14

N nitroxyl radical was collected at

VHF on the Bruker E540 in March of 2009 and repeated in March of 2012. Triangular
rapid-scan signals were generated with a locally designed linear coil driver.
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Scan

frequencies ranged from 5 to 20 kHz and sweep width (peak-to-peak) ranged from 10–30
G.
9.2.3. Results
2009 Results. Deconvolution of rapid-scan spectra of the center line of a 0.49
mM aqueous solution of RSN14 is shown in Figure 9.13. The FWHM~1.38 G. Figure
9.14 is the deconvolution of the rapid-scan data for the low field line of a 0.49 mM
aqueous RDN15 sample, which has a FWHM of 0.6 G. Figure 9.15 is the deconvolution
of the rapid-scan data for the low field line of a 0.18 mM aqueous RDN15 sample, which
has a FWHM of 0.67 G.

Figure 9.13. 2009 VHF deconvolution of rapid-scan of center line of aqueous 0.49 mM
RSN14 sample on E540. 15 G sweep width , 99328 averages, 10 kHz modulation
frequency. FWHM 1.38 G.
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Figure 9.14. 2009 VHF deconvolution of rapid-scan of low-field line of aqueous 0.49
mM RDN15 sample on E540. 30 G sweep width , 100K averages, 20 kHz modulation
frequency. FWHM 0.6 G

Figure 9.15. 2009 VHF deconvolution of rapid-scan of low-field line an aqueous 0.18
mM RDN15 sample on E540. 30 G SW, 500 K avgs, 20 kHz modulation frequency.
FWHM 0.67 G
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2012 Results. Deconvolution of rapid-scan spectra of the low-field line of a 0.18
mM aqueous solution of RDN15 is shown in Figure 9.16. The FWHM~0.56 G. Figure
9.17 is the deconvolution of the rapid-scan data for the low field line of a 0.18 mM
aqueous RDN15 sample, which has a FWHM of 0.52 G.
The FWHM for each of these samples (from both 2012 and 2009) is summarized
in Table 9.2.

Figure 9.16. 2012 VHF deconvolution of rapid-scan of low-field line of 0.48 mM
RDN15 sample on E540. 20 G sweep width, 100 K avgs, 5 kHz modulation frequency.
FWHM 0.56 G
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Figure 9.17. 2012 VHF deconvolution of rapid-scan of low-field line of an aqueous 0.18
mM RDN15 sample on E540. 20 G sweep width, 100 K avgs, 5 kHz modulation
frequency. FWHM 0.52 G

Table 9.2. FWHM (in Gauss) measured for the Rosen nitroxyl radicals using rapid-scan
at VHF.
Sample Concentration
RSN14 -2009RDN15 -2009RDN15 (mM)

(Center Line)

(Low Field Line)

2012-

(Low

Field Line)
0.49

1.38

0.6

0.56

0.18

–

0.67

0.52

The cause of the broadening in the 2009 data is unknown. The normalized power
saturation curve (for rapid-scan) for both 0.18 and 0.48 mM RDN15 is shown in Figure
9.18.
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Figure 9.18. Rapid-scan spectra of the RDN15 samples were obtained as a function of
incident microwave power while scanning the magnetic field through resonance at 300
kG/s. The points that correspond to the acquisition conditions for the spectra shown in
Figure 9.16–9.17 are circled in red.
Conclusions. The RDN15 sample has a much narrower linewidth, and would be
more suitable for imaging experiments compared to the RSN14 sample.
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9.3. Rapid-scan of Manganese samples.
9.3.1. Introduction
Mn2+ has a nuclear spin of 5/2; if an unpaired electron couples to this nucleus, a
splitting pattern consisting of 6 lines will result.

Manganese was studied as a possible

sample to test the limitations of rapid-scan EPR. Because of the large hyperfine splitting,
this type of spectrum is particularly difficult with rapid-scan EPR spectroscopy.
9.3.2. Methods.
Sample. Mn2+ doped in CaO was provided from Dr. Ira Goldberg, Thousand
Oaks, CA.
Spectroscopy.CW EPR spectra were collected on a Bruker EMX-plus
spectrometer with an SHQ resonator. Rapid-scan EPR spectra were collected with a
Bruker E500T spectrometer with a dielectric resonator.
9.3.3. Results and Discussion
The CW spectrum for Mn2+ doped in CaO is shown in Figure 9.19. The linewidth
for the individual lines are roughly 2 G. The hyperfine splitting is roughly 70 gauss.
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Figure 9.19. CW spectrum of Mn2+ doped in CaO, collected with 0.3 G modulation
amplitude, 100 KHz modulation frequency, 21 mW power, 21 second time constant, and
1000 G sweep width.
Rapid-scan spectra of Mn2+ doped in CaO is shown in Figure 9.20. This spectrum
represents some preliminary results where the conditions (specifically the power) are not
particularly ideal for the relaxation time of the sample.
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Figure 9.20. Rapid-scan spectrum of Mn2+ doped in CaO. 57 G scan width, 28.956 kHz
scan frequency, and 2.1 mW power. (Top Panel) Time domain rapid-scan signal.
(Bottom Panel) Up (blue) and down (green) scans after deconvolution.

Typically, when the rapid-scan spectrum is deconvolved, the up and down
spectrum should match. However, the bottom panel of Figure 9.20 is an example where
the up and down scans do not match. This mismatch is most-likely due to power
saturation. The deconvolution algorithm can only accurately work in the linear power
response region. Once the signal is partially power saturated, the deconvolution no
longer yields accurate results. This preliminary experiment was not optimized.
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9.4. CW Spectra of metal complexes and nitroxyl radical at Q- X- and
L-Band Frequencies
9.4.1. Introduction
The goal of the work in this chapter was to demonstrate differences in the EPR
spectra at the L-band frequency of 1.5 GHz, X-band frequency of 9.5 GHz and the Qband frequency of 34 GHz, and to understand why these changes are occurring. In vivo
magnetic resonance spectroscopy, including magnetic resonance imaging (MRI), utilizes
lower frequency microwaves to effectively penetrate bodily tissues and provide superior
contrast and image quality. Frequency dependence of EPR spectra is important for
understanding in vivo EPR spectroscopy. This work was done in collaboration with
Michelle Collier. She prepared the samples. My role was supervision and assistance
with spectroscopy and data interpretation.
The frequency dependence of four samples is studied in this section: TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl), Vanadyl(acac)2 (vanadyl bis(acetylacetonate)),
Aquo-vanadyl ion (VO(H2O)52+ ), and Cu(dtc)2 (copper(II) bis(diethyldithiocarbamate)).
The structures of these compounds are shown in Scheme 9.2. A nuclear spin in the
vicinity of an unpaired electron splits the signal into multiple lines, with a spacing that is
called the hyperfine coupling constant, A. For interactions with one nuclear spin the
number of lines is 2I+1. When A is much less than the external magnetic field B, the
hyperfine lines are equally spaced. When A is similar to the external field strength, the
splittings are unequal due to the Breit Rabi effect [15]. At lower resonance frequencies
the magnetic field is smaller, so hyperfine lines are unequally spaced.
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Scheme 9.2. Chemical structures for TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl ),
Vanadyl(acac)2
(vanadyl bis(acetylacetonate)), and Cu(dtc)2
(copper(II)
bis(diethyldithiocarbamate)).
9.4.2. Methods.
Samples. TEMPO was purchased from Sigma Aldrich (St. Louis, MO). A 2 mM
toluene solution of TEMPO was prepared and transferred into teflon tubing supported in
a 4 mm quartz tube to be studied at X-band. Nitrogen gas was purged through the sample
during analysis to remove O2. A 2 mM toluene solution in a 25 mm quartz tube was
studied at L-band. Nitrogen gas was purged through sample before analysis, but not
during.
Vanadyl(acac)2 (vanadyl bis(acetylacetonate)) was synthesized by Michelle
Collier according to the literature [159]. A 2 mM toluene solution in toluene in a 4 mm
quartz tube was prepared to be studied at X-band. A 2 mM toluene solution in a 25 mm
quartz tube was prepared to be studied at L-band.
Aquo-vanadyl ion (VO(H2O)52+ ) was prepared by Michelle Collier by dissolving
Vanadium oxysulfate in 25 mL deionized H2O to make a 20 mM solution. The 20 mM
solution was transferred to a 20 mm quartz tube to be studied at L-band. A 2 mM solution
in a small capillary tube, supported in a 4 mm quartz tube was studied at X-band. A 2
mM sample was prepared in a pyrex capillary tube and was studied at Q-band.
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Cu(dtc)2 (copper(II) bis(diethyldithiocarbamate) ) was synthesized by Michelle
Collier according to the literature [160] and recrystallized for purification. 0.24 g sodium
diethylcarbamate salt was dissolved in water and was added to 0.135 g of copper sulfate
dissolved in water in a 40 mL beaker. A coffee colored solution with a dark precipitate
was produced. The precipitate was filtered through a porcelain funnel and air dried for
24 hours. The solid was recrystallized by dissolving it in a minimum amount (5 mL) of
hot chloroform and then placing the solutions on ice. 280 mg of black Cu(dtc)2 crystals
were produced. A 2mM toluene solution of Cu(dtc)2 was prepared in a 4 mm quartz tube
to be studied at X-band. A 2 mM toluene solution of Cu(dtc)2 was prepared in a 25 mm
quartz tube to be studied at L-band.
Spectroscopy and Simulations. CW EPR spectra were obtained on a Varian E-9
X-band (9.5 GHz) EPR spectrometer and a homebuilt L-band spectrometer. CW spectra
were simulated using three programs: Bruker software XSophe, the shareware package
EasySpin [68], or the locally written program Asym, which calculates the tumbling
correlation time based on the Kivelson linewidth theory [161]. Spectra were primarily
simulated with Asym, but X-band spectra were simulated with EasySpin and L-band
were simulated with XSophe for comparison.
9.4.3. Results and Discussion.
A comparison between the X-band and L-band CW spectra of TEMPO is shown
in Figure 9.21. The hyperfine coupling to the I = 1 nitrogen nucleus is relatively small so
lines are nearly equally spaced at both L-band and X-band.
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Figure 9.21. Comparison of X- and L-band CW spectrum of 2 mM TEMPO in toluene.
(A) X-band CW spectrum collected with 0.5 G modulation amplitude, 100 KHz
modulation frequency, 2 mW power, and 100 G sweep width. (B) L-band spectrum
collected at a frequency of 1.5218 GHz, 30 dB, 80 G sweep width, and a sweep time of
120 s.

The comparison between X- and L-band CW EPR for vanadyl(acac)2 is shown in
Figure 9.22 while the comparison for aquo vanadyl is shown in Figure 9.23. The effects
of changing the frequency (and field) are dramatic for the vanadyl(acac)2 and the aquo
vanadyl because of vanadium’s large nuclear spin (I = 3.5) and the large hyperfine
splitting. Differences in linewidths and peak heights are due to incomplete motional
averaging.
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Figure 9.22. Comparison of X- and L-band CW spectrum of 2 mM vanadyl(acac)2 in
toluene. (A) X-band CW spectrum collected with 1 G modulation amplitude, 100 KHz
modulation frequency, 5 mW power, and 1000 G sweep width. (B) L-band spectrum
collected at a frequency of 1.5218 GHz, 30 dB, 900 G sweep width, and a sweep time of
120 s.
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Figure 9.23. Comparison of X- and Q-band CW spectrum of 2 mM aquo-vanadyl in
toluene. (A) X-band CW spectrum collected with 2.0 G modulation amplitude, 100 KHz
modulation frequency, 5 mW power, and 1000 G sweep width. (B) Q-band spectrum
collected at a frequency of 1.5218 GHz, 30 dB, 80 G sweep width, and a sweep time of
120 s.

Figure 9.24 is the comparison between X- and L-band for Cu(dtc)2. For Cu(dtc)2,
coupling to the I = 3/2 copper nucleus gives 4 lines. The most conspicuous differences in
spectra between L-band and X-band are the changes in linewidths that result from
incomplete motional averaging of g- and A- anisotropies. The impact of g-anisotropy
increases with increasing magnetic field, but the impact of A-anisotropy is field
independent.
For the X-band spectrum, the fourth line was the sharpest and most defined, and
the separate features for the

63

Cu and

65

Cu were well resolved. The four different

hyperfine lines have different widths due to incomplete motional averaging of g- and A-
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anitotropy. The X-band spectrum was simulated using both the EasySpin shareware as
well as Asym to determine the tumbling correlation time (16 ps/rad).

A

B

Figure 9.24. Comparison of X- and Q-band CW spectrum of 2 mM Cu(dtc)2 in toluene.
(A) X-band CW spectrum collected with 2.0 G modulation amplitude, 100 KHz
modulation frequency, 40 mW power, and 400 G sweep width. (B) Q-band spectrum
collected at a frequency of 1.5288 GHz, 30 mW, 400 G sweep width, and a sweep time of
120 s.

Future Work. The study presented in this section could be extended to more
microwave frequencies including vanadyl(acac)2 at L-band and TEMPO at Q-band. CW
spectra could also be collected at VHF (250 MHz). The selection of compounds and
frequencies could be guided by simulations of the type used here.
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Chapter 10: Conclusion and Future Work
Through this dissertation, the utility of X-band rapid-scan EPR was demonstrated.
Rapid-scan EPR is a relatively straight-forward (in terms of application and analysis)
EPR technique that will quickly become a more mainstream method along with CW and
pulse EPR.

Through studying various different samples such as ones with long

longitudinal relaxation time T1 (Ns0 defects in diamond, N@C60, and amorphous
hydrogenated silicon), heterogeneous samples (crystalline 1:1 α,γ-bisdiphenylene-βphenylallyl (BDPA) :benzene), lossy samples (aqueous nitroxyl radicals), and transient
samples

(5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide

(BMPO)-superoxide

adduct) the benefits of rapid-scan EPR were presented.
Experiments studying samples with long relaxation times can be further
investigated with variable temperature rapid-scan EPR.

We expect that the S/N

enhancement with rapid-scan EPR relative to CW EPR will be much greater at lower
temperatures.
Quantitative rapid-scan EPR is a field that needs to be studied further. Currently,
we are able to do quantitative EPR in regimes where the signal is in the linear power
response region (Quine et al., 2010). The theory to understand quantitative EPR under
non-linear conditions needs to be expanded.
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The S/N enhancement observed for many of the samples outlined in this
dissertation is expected to be observed for other classes of compounds.

Radiation

induced defect (such as irradiated teeth dosimetry) compounds are another class of
samples that would most likely benefit greatly from rapid-scan EPR because of long
relaxation times but broad spectra (short T2*). Rapid-scan EPR will decrease the limit of
detection that is currently limiting EPR experiments for dosimetry.
The applications of rapid-scan to spin trapping experiments should be investigated
thoroughly.

This is a very large and important field.

In this dissertation a first

comparison between rapid-scan and CW for BMPO-OOH was shown. For this transient
spin adduct, rapid-scan gave significantly better S/N.

These experiments can be

expanded to intercellular spin-trapping experiments.
Time-resolved experiments are also an exciting application of rapid-scan EPR. In
the future, it may be possible to observe fast reactions in real time. Our estimation is that
rapid-scan EPR will be able to measure reactions occurring on the millisecond time scale.
If we can achieve a millisecond time scale, we hope to apply this method of observing
reactions in real time to protein folding. Initially, we would measure the folding rate for
a well characterized protein such as cytochrome c (folding time≈10 ms) (Bandi, et al.,
2008). Because we are observing protein folding, we would observe changes in the shape
of the EPR line rather than the integration. The shape of the line is dependent upon
several factors, one being the ability of the spin label to have many conformations. As
the motion of a spin label becomes more rigid (as the protein folds) the line broadens.
Thus, we would be able to observe a protein folding in real time via rapid scan EPR.

206

Similarly, rapid changes in relative proportions of overlapping signals from multiple
species can be studied with rapid-scan EPR.
While there are current limitations to rapid-scan EPR (scan width of 80 G), the
hardware will continue to improve to give larger scan widths to study a larger variety of
samples.
This work used triangular or sinusoidal magnetic field scans. Many other shapes
could be used to exploit various relaxation properties. Rapid RF/microwave frequency
scans could replace magnetic field scans in some measurements.
The Eaton lab has made significant progress developing X-band rapid-scan EPR
and applying this technique to many samples where it is advantageous. Many of the xband results will transfer directly to other EPR frequencies, such as in vivo imaging at
low fields or small samples at high fields. There are still many more avenues that should
be explored including variable temperature experiments, metal samples, quantitative
rapid-scan EPR, and time-resolved rapid-scan experiments.
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